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Abstract (English) 
	
The rare-earth crisis of 2010 taught the whole world a lesson: the supply of elements that are of 
high importance for the economy and the development of new technologies (i.e. the critical raw 
materials) must not rely only on a specific country or region. Investing in primary mining, 
research for the substitution of rare earth elements in their applications, development of rare-earth 
recycling schemes and training of highly skilled personnel constituted a set of strategies proposed 
by Europe to tackle the shortage of rare earths. 
The recycling of neodymium-iron-boron (NdFeB) permanent magnets is more interesting from an 
economic and environmental point of view than the opening of new mines. Additionally, 
elements high in demand and less abundant, such as dysprosium, can be easily recovered. Other 
critical and valuable metals can also be recovered as byproducts from the recycling of NdFeB 
permanent magnets. The recovery and purification of individual rare earths opens the possibility 
to their reuse in the fabrication of magnets with different compositions for specific applications. 
The first part of this PhD thesis shows how ionic liquids can be employed as a green alternative 
to replace the conventional organic phase in solvent extraction processes of rare-earth elements. 
In a first approach, the selective leaching of rare earths from NdFeB magnets and their solvent 
extraction from a nitrate media is presented. More specifically, neodymium and dysprosium were 
separated from cobalt by extracting them to the ionic liquid trihexyl(tetradecyl)phosphonium 
nitrate (Cyphos® IL 101 nitrate). Afterwards neodymium and dysprosium were separated using 
ethylenediaminetetraacetic acid (EDTA) as a selective stripping agent. The purified metals were 
recovered as oxalates and then transformed into the corresponding oxides by calcination. In a 
second approach, the recovery and separation of rare earths from chloride media is presented. 
Neodymium and dysprosium were separated by using Cyphos® IL 101 in its thiocyanate form 
combined with the molecular extractant Cyanex® 923. The addition of a molecular extractant 
provided a beneficial lower viscosity of the organic phase and a higher loading capacity in 
comparison with the pure ionic liquid. Stripping of the metals from the loaded organic phase was 
carried out with water and the rare earths were also recovered as oxalates. 
In the second part of this PhD dissertation, the deep-eutectic solvent choline chloride:lactic acid 
(molar ratio 1:2) was employed to dissolve the magnets. The solvent extraction process was 
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carried out by contacting the deep-eutectic solvent (more polar phase) with ionic liquids and 
conventional extractants diluted in toluene (less polar phase).  Iron, boron and cobalt were 
separated from neodymium and dysprosium using the ionic liquid tricaprylmethylammonium 
thiocyanate (Aliquat® 336 SCN) diluted in toluene. The separation of neodymium and 
dysprosium was assessed by using two different types of extractants, a mixture of 
trialkylphosphine oxides (Cyanex® 923) and bis(2-ethylhexyl)phosphoric acid (D2EHPA). Based 
on the distribution ratios, separation factors and the easiness of the subsequent stripping, 
Cyanex® 923 was chosen as the most adequate extractant. This new methodology offers higher 
selectivities and efficiencies than the corresponding aqueous system.  Extended X-ray absorption 
fine structure (EXAFS) spectroscopy was used to elucidate the mechanisms for extraction of 
cobalt and iron from the deep-eutectic solvent. Furthermore, the feasibility of scaling up this 
separation process was tested in a mixer settler setup. 
Finally, considering that the correct quantification of metal ions in aqueous solutions is essential 
for the evaluation of a solvent extraction system and also for the follow up of continuous systems, 
practical and easy guidelines for the correct preparation of aqueous samples and posterior 
quantification by total-reflection X-ray fluorescence (TXRF) were developed. The most 
important parameters that play a role in the calibration of a TXRF apparatus such as the choice of 
the standard element and the concentration ratio between the analyte and the standard were 
discussed. 
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Abstract (Nederlands) 
	
De hele wereld leerde tijdens de zeldzame aarden crisis in 2010 dat de bevoorrading van 
elementen die economisch zeer belangrijk zijn en die essentieel zijn voor de ontwikkeling van 
nieuwe technologieën (de zgn. kritieke grondstoffen) niet mag afhangen van één specifiek land of 
regio. Het investeren in primaire mijnbouw, onderzoek naar het vervangen van zeldzame aarden 
in hun toepassingen door andere minder kritieke elementen, het ontwikkelen van 
recyclagemethoden voor  en het trainen van hoog geschoold personeel zijn enkele strategieën 
door Europa voorgesteld om het tekort aan zeldzame aarden op te vangen. 
Het recycleren van neodymium-ijzer-boor (NdFeB) permanente magneten is interessanter vanuit 
een economische en milieubewuste visie dan het (her)openen van mijnen. Daarnaast zijn veel 
gebruikte maar moeilijk te ontginnen elementen zoals dysprosium gemakkelijker te herwinnen. 
Ook andere kritieke en waardevolle elementen kunnen herwonnen worden als bijproducten van 
het recycleren van NdFeB magneten. Het herwinnen en zuiveren van de individuele zeldzame 
aarden geeft de mogelijkheid om ze te hergebruiken in de productie van nieuwe magneten en hun 
specifieke toepassingen. 
Het eerste deel van dit doctoraatsproefschrift toont aan hoe ionische vloeistoffen kunnen gebruikt 
worden als milieuvriendelijkere alternatieven voor traditionele organische solventen in het 
zuiveren van zeldzame aarden door solventextractie. Het selectief uitlogen van zeldzame aarden 
uit NdFeB magneten en de solventextractie van uit nitraatmilieu wordt gepresenteerd als een 
eerste methode. Meer bepaald, neodymium en dysprosium worden gescheiden van kobalt door 
extractie naar de ionische vloeistof trihexyltetradecylfosfoniumnitraat (Cyphos® IL 101 nitraat). 
Vervolgens worden neodymium en dysprosium selectief gescheiden met behulp van 
ethyleendiaminetetra-azijnzuur (EDTA). De gezuiverde metalen worden daarna neergeslagen als 
oxalaat en gecalcineerd. In een tweede methode wordt het herwinnen en zuiveren van zeldzame 
aarden uit chloride milieu voorgesteld. Neodymium en dysprosium worden gescheiden door het 
gebruik van de ionische vloeistof Cyphos® IL 101 met een thiocyanaatanion in combinatie met 
het moleculaire extractans Cyanex® 923. Het toevoegen van Cyanex® 923 aan de ionische 
vloeistof resulteerde in een lagere viscositeit en een hogere laadcapaciteit voor het metaal in 
vergelijking met de zuivere ionische vloeistof. De terugextractie van de zeldzame aarden uit de 
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organische fase werd uitgevoerd met water en de zeldzame aarden werden eveneens neergeslagen 
als oxalaten. 
In het tweede deel van dit doctoraatsproefschrift, werd het diep-eutectische solvent 
cholinechloride:melkzuur( molaire verhouding 1:2) gebruikt om de magneten in op te lossen. Het 
solventextractieproces werd uitgevoerd door het diep-eutectische solvent (meer polaire fase) in 
contact te brengen met een ionische vloeistof en conventionele extractanten opgelost in tolueen 
(minder polaire fase). Ijzer, boor en kobalt werden gescheiden van neodymium en dysprosium 
door de ionische vloeistof tricaprylmethyl ammoniumthiocyanaat (Aliquat® 336 SCN) opgelost 
in tolueen. Neodymium en dysprosium werden op twee verschillende manieren gescheiden: met 
een mengsel van trialkylfosfineoxides (Cyanex® 923) en met bis(2-ethylhexyl)fosforzuur. 
Cyanex® 923 gaf de beste resultaten op het vlak van verdelingsverhoudingen, selectiviteit en de 
eenvoud om de zeldzame aarden te verwijderen uit de organische fase. Deze nieuwe technologie 
geeft ook een betere selectiviteit dan de overeenkomstige waterige systemen. Extended X-ray 
Absorption Fine Structure (EXAFS) spectroscopie werd gebruikt als techniek om de 
extractiemechanismen van kobalt en ijzer vanuit het diep-eutectisch solvent te onderzoeken. 
Bovendien werd de mogelijkheid tot het opschalen van dit scheidingsproces getest in een 
opstelling van mixer-settlers. 
Tenslotte werden ook praktische richtlijnen voor het correct meten van metalen in waterige 
oplossingen met behulp van totale-reflectie X-stralenfluorescentie (TXRF) ontwikkeld. Het 
correct bepalen van metaalconcentraties is essentieel in het beoordelen van 
solventextractiesystemen op labo- en continue schaal. De belangrijkste parameters die een rol 
spelen bij het kalibreren van een TXRF-toestel, zoals de keuze van de interne standaard en de 
concentratieverhouding tussen het analyt en de standaard, werden onderzocht. 
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(BH)max Maximum energy product 
[M]aq Metal ion concentration in the aqueous phase after the extraction 
[M]i  Metal ion initial concentration 
%E Percentage extraction 
%EL Percentage extraction in the leachate  
%L Percentage of metal leached  
%S Percentage recovery / scrubbing / stripping 
AAS Atomic absorption spectroscopy  
aq Aqueous 
Bif-ILs Bi-functional ionic liquids  
C8mim 1-methyl-3-octyl imidazolium 
CMPO Octyl(phenyl)-N,N-diisobutyl carbamoylmethyl phosphine oxide 
Cnmim 1-alkyl-3-methylimidazolium 
Cya Cyanex® 923 
D Distribution ratio  
D2EHPA bis(2-ethylhexyl)phosphoric acid  
DBBP Dibutyl butyl phosphonate 
DEHEHP Di(2-ethylhexyl) 2-ethylhexil phosphonate 
DES Deep-eutetic solvent 
DMSO-d6 Deuterated dimethyl sulfoxide 
DODGAA N,N-dioctyldiglycolamic acid 
EDTA Ethylenediaminetetraacetic acid 
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EDXRF Energy dispersive X-ray fluorescence  
ELV End-of-life vehicles  
EOL End-of-life 
EREAN European rare earth recycling network 
ERECON European rare earths competency network 
ESRF European synchrotron radiation facility  
EU European union 
EXAFS Extended X-ray absorption fine structure 
FT Fourier transform 
FTIR Fourier transform infrared  
GBDP Grain boundary diffusion process 
HBD Hydrogen bond donor 
Hbet Betainium 
HDDR Hydrogenation disproportionation desorption and recombination 
HDDs Hard disk drives 
HP Heavy phase 
HPMS Hydrogen processing of magnet scrap 
HREEs Heavy rare earths elements 
ICP Inductively coupled plasma 
ICP-MS Inductively coupled plasma optical mass spectrometry 
ICP-OES Inductively coupled plasma optical emission spectroscopy 
IL Ionic liquid 
INAA Instrumental neutron activation analysis  
K Stability constant 
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Keq Equilibrium constant 
LCA Life cycle assessment  
LCD Liquid crystal display 
LEDs Light-emitting diodes 
LP Light phase 
LREEs Light rare earths elements 
M Metal 
N Coordination number 
MREEs Middle rare earth-elements 
NAA Neutron activation analysis 
org Organic 
PC88A 2-ethylexyl hydrogen 2-ethylhexyl phosphonate 
PMMA Poly(methyl methacrylate) 
ppm Parts per million  
PVDF Polyvinylidene fluoride 
R Bond distance 
R4NCy Trioctylmethylammonium bis(2,4,4-trimethylpentyl)phosphate  
R4ND Trioctylmethylammonium di(2-ethylhexyl)phosphate  
RE Rare earth  
REEs Rare earth elements 
REOs Rare earth oxides 
RR Recovery rate 
RSD Relative standard deviation 
S/L Solid liquid ratio 
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SD Standard deviation 
SX Solvent extraction 
t Time 
TBP Tri-n-butyl phosphate 
Tf2N– Bis(trifluoromethylsulfonyl)imide  
tpa Tonnes per annum 
TXRF Total reflection X-ray fluorescence  
Vaq Volume of the aqueous phase 
VCMs Voice call motors  
Vorg Volume of the organic phase 
WLEDs White-light-emitting diodes 
WTO World trade organization  𝑥 Average 
XRD X-ray diffraction 
α Separation factor 
σ2 Mean-square-displacement in the bond distance 
	  
  
XIII	
	
Table of contents 
 
Acknoledgements ............................................................................................................................. I 
Abstract ........................................................................................................................................... V 
Abbreviations and symbols ........................................................................................................... IX 
Table of contents ......................................................................................................................... XIII 
Outline ....................................................................................................................................... XVII 
Chapter 1. Introduction .................................................................................................................... 1 
1.1 The rare-earth elements ..................................................................................................... 1 
1.1.1 The rare-earth crisis: the wakeup call ........................................................................ 3 
1.1.2 How to solve the problem? ......................................................................................... 6 
1.1.3 Recycling of NdFeB magnets .................................................................................. 12 
1.2 Hydrometallurgy as a tool for the recovery of rare earth elements ................................. 17 
1.2.1 Leaching ................................................................................................................... 18 
1.2.2 Solvent extraction ..................................................................................................... 20 
1.3 Upscaling ......................................................................................................................... 27 
1.3.1 Mixer-settlers ........................................................................................................... 30 
1.4 Total-reflection X-ray fluorescence (TXRF) ................................................................... 34 
1.5 References ....................................................................................................................... 36 
Chapter 2. Objectives ..................................................................................................................... 49 
Chapter 3. Practical guidelines for best practice on total reflection X-ray fluorescence 
spectroscopy: analysis of aqueous solutions .................................................................................. 51 
3.1 Introduction .......................................................................................................................... 52 
3.2 Experimental ......................................................................................................................... 53 
3.2.1 Materials and methods ................................................................................................... 53 
3.2.2 Formulas ........................................................................................................................ 55 
3.3 Results and discussion .......................................................................................................... 56 
3.3.1 Parameter studies and optimization ............................................................................... 56 
3.3.2 Calibration curves .......................................................................................................... 62 
3.3.3 Carrier, blank problems and detector contamination ..................................................... 65 
XIV	
	
3.4 Conclusions .......................................................................................................................... 67 
3.5 References ............................................................................................................................ 67 
Chapter 4. Extraction and separation of neodymium and dysprosium from used NdFeB magnets: 
an application of ionic liquids in solvent extraction towards the recycling of magnets ................ 71 
4.1 Introduction .......................................................................................................................... 72 
4.2 Experimental ......................................................................................................................... 74 
4.2.1 Materials and methods ................................................................................................... 74 
4.2.2 Synthesis of trihexyl(tetradecyl)phosphonium nitrate ................................................... 75 
4.2.3 Selective leaching and direct magnet dissolution .......................................................... 76 
4.2.4 Solvent extraction .......................................................................................................... 78 
4.2.5 Separation of Co(II) from Nd(III) and Dy(III) .............................................................. 80 
4.3. Results and discussion ......................................................................................................... 82 
4.3.1 Leaching ......................................................................................................................... 82 
4.3.2 Separation of Co(II) from Nd(III) and Dy(III) .............................................................. 85 
4.3.3 Separation of Nd(III) and Dy(III) .................................................................................. 93 
4.4. Conclusions ....................................................................................................................... 101 
4.5. References ......................................................................................................................... 101 
Chapter 5. Separation of neodymium and dysprosium using a phosphonium thiocyanate ionic 
liquid combined with neutral extractants: a process relevant for the recycling of end-of-life 
NdFeB magnets ............................................................................................................................ 105 
5.1 Introduction ........................................................................................................................ 107 
5.2 Experimental ....................................................................................................................... 109 
5.2.1 Materials and methods ................................................................................................. 109 
5.2.2 Equipment and characterization ................................................................................... 110 
5.2.3 Solvent extraction ........................................................................................................ 110 
5.2.4 Theory .......................................................................................................................... 111 
5.3. Results and discussion ....................................................................................................... 102 
5.3.1 Extraction parameters .................................................................................................. 102 
5.3.2 Scrubbing and Stripping .............................................................................................. 119 
5.3.3 Mechanism of extraction .............................................................................................. 121 
5.3.3 Recycling of the organic phase .................................................................................... 123 
5.4. Conclusions ....................................................................................................................... 124 
XV	
	
5.5. References ......................................................................................................................... 125 
Chapter 6. Separation of rare earths and other valuable metals from deep-eutectic solvents: a new 
alternative for the recycling of used NdFeB magnets .................................................................. 129 
6.1 Introduction ........................................................................................................................ 131 
6.2 Experimental ....................................................................................................................... 133 
6.2.1 Materials and methods ................................................................................................. 133 
6.2.2 Equipment and characterization ................................................................................... 133 
6.2.3 Synthesis of DES ......................................................................................................... 135 
6.2.4 Leaching ....................................................................................................................... 135 
6.2.5 Solvent extraction ........................................................................................................ 136 
6.3 Results and discussion ........................................................................................................ 137 
6.3.1 Dissolution ................................................................................................................... 137 
6.3.2 Solvent extraction ........................................................................................................ 143 
6.3.3 Separation by mixer-settlers ........................................................................................ 155 
6.3.4 Recycling of the less polar phase ................................................................................. 162 
6.3.5 Comparison with conventional systems ....................................................................... 163 
6.3.6 EXAFS ......................................................................................................................... 165 
6.4 Conclusions ........................................................................................................................ 172 
6.5 References .......................................................................................................................... 173 
Chapter 7. Conclusions and outlook ............................................................................................ 177 
Safety aspects ............................................................................................................................... 181 
List of publications ....................................................................................................................... 183 
Attended conferences and trainings ............................................................................................. 185 
	
	
	
	
	
	
	
XVI	
	
	
	
	
	
	
	
	
	
	
	
XVII	
	
Outline 
 
This PhD dissertation entitled “Recovery of Neodymium and Dysprosium from NdFeB Magnets 
using Ionic Liquid Technology” is a compilation of four experimental chapters. Three of them are 
related to the separation and recovery of rare earth elements from used NdFeB magnets and one 
is related to the analysis of metal ions in aqueous solutions by total reflection X-ray fluorescence. 
Chapter 1 is the introduction, in which the criticality of the rare earths is addressed and the 
different existing routes to secure their supply are explained. Next, the importance of the 
recycling of end-of-life NdFeB permanent magnets for the recovery of rare earths is highlighted 
and the different possible recycling routes are described. Then, hydrometallurgy is presented as a 
tool for the recovery of individual rare-earth elements. Special attention is paid to solvent 
extraction and in particular to ionic-liquid-based solvent extraction processes for the separation of 
rare-earth elements. A discussion concerning the scale-up of solvent extraction processes, 
emphasizing on mixer-settlers is also presented. Finally, the total reflection X-ray fluorescence 
(TXRF) technique is described. 
Chapter 2 discusses the objectives of the PhD thesis.  
Chapter 3 discusses the effect of different parameters that could affect the measurement of 
aqueous solutions by TXRF. It is shown that the choice of the standard element and the 
concentration ratio between the analyte and the standard are the most important parameters in the 
calibration of a TXRF apparatus. Practical guidelines for the correct measurement of metal ions 
in aqueous solutions and cleaning of the sample carriers holders are presented. 
Chapter 4 describes the preparation of an iron-free leachate from used NdFeB magnets and the 
use of an undiluted ionic liquid (Cyphos® IL 101 nitrate) for the extraction of neodymium and 
dysprosium from nitrate media. The separation of neodymium and dysprosium is achieved using 
ethylenediaminetetraacetic acid to selectively strip the rare earths. A process flow sheet for the 
recovery of these rare earths in high purity is presented.  
Chapter 5 focuses on the separation of neodymium and dysprosium from chloride media using 
Cyphos® IL 101 in its thiocyanate form combined with Cyanex® 923. The advantages of the 
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addition of Cyanex® 923 to the ionic liquid are described. A process flow sheet for this 
separation is also presented. 
Chapter 6 discusses a new approach in which, a deep-eutectic solvent is used to dissolve the 
NdFeB magnets. Then, Aliquat® 336 SCN diluted in toluene is used to extract iron, boron and 
cobalt. Afterwards, Cyanex® 923 diluted in toluene is used to separate the neodymium and 
dysprosium that remained in the raffinate. The mechanism of extraction of iron and cobalt from 
the deep-eutectic solvent is elucidated by extended X-ray absorption fine structure (EXAFS) 
spectroscopy. The feasibility of scale-up the process is supported by the results obtained from 
mixer-settlers. A flow sheet of the process from the dissolution of the magnet is also presented.  
Chapter 7 contains the conclusions and the outlook for future work. 
At the end, notes about the safety aspects, list of publications, conferences and trainings are 
presented. 
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Chapter 1. Introduction  
 
1.1 The rare-earth elements 
 
The rare-earth elements (REEs) form a chemically uniform group that includes the lanthanides 
lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), promethium (Pm), 
samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium 
(Ho), erbium (Er), thulium (Tm), ytterbium (Yb), and lutetium (Lu) plus yttrium (Y), scandium 
(Sc).1 The REEs are usually classified into sub-groups, the light rare earth-elements (LREEs) that 
comprise the elements from La to Gd, the heavy rare-earth elements (HREEs) that include the 
elements from Tb to Lu, and occasionally some authors add a third sub-group, namely the middle 
rare earth-elements (MREEs) in which the elements from Pm to Ho are contained.2-8 A good way 
to describe the division between the LREEs and the HREEs is considering the electronic 
configuration of the REEs. The division between the LREEs and the HREEs is usually placed 
between Gd and Tb, since Gd has a very stable one-half filled 4f electron shell with seven 
unpaired electrons. Before Gd in the lanthanides series in the periodic table, the elements are 
characterized for having unpaired electrons in the 4f electron shell. After Gd onwards, paired 
electrons are progressively added to the 4f electron shell until the 4f electron shell of Lu is fill 
with 14 electrons.3,9 Ytrium is considered a REE because it is also found together with other 
lanthanides in the same minerals.3 Ytrium is furthermore included in the HREE group because its 
chemical behavior is similar to the members of this group and its ionic radius falls in between the 
ionic radii of Ho and Er. In the case of scandium, it does not have enough similar properties with 
any of the two groups so therefore it is not usually included in any of them. Still Sc resembles Y 
and the REEs more than what it resembles aluminum (Al) or titanium (Ti) and in aqueous 
systems it behaves more like the REEs.10 
In the lanthanide series, the ionic radii get smaller while increasing the atomic number, which is 
known as the lanthanide contraction. The latter is due to the fact that across the lanthanide series 
there is an increase in the effective nuclear charge due to the poor shielding of the valence f-
orbitals that results in a decrease in the ionic radii.8,10  The lanthanides share similar properties 
and they usually have the 3+ oxidation state, although some can also have a 2+ or a 4+ oxidation 
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state. The coordination numbers are usually greater than 6, and they bind preferably with strong 
electronegative elements. They are usually grey, silvery-white metals with electrical 
conductivity.11 Some REEs have important magnetic properties which are useful in the 
fabrication of magnets, for instance rare earths such as Nd, Sm, Gd, Dy, Tb, Ho and Er have high 
magnetic anisotropy and coercivity and thus are usually employed with this aim.12 Rare-earth 
based magnets are of high importance and almost indispensable in different industries such as, 
aerospace, wind turbines, automotive, electronics, magnetic resonance imaging and military. 
These kind of magnets are chosen over other magnets due to their high magnetic and mechanical 
strength with a reduced size.13 
Up to 1960, most permanent magnets were based on the combination of iron with other transition 
metals. During the 1960s, magnets based on Sm and Co were discovered and investigated, while 
in the 1980s, magnets containing mainly Nd, Fe, B and small quantities of another rare earth or 
transition metals were developed.14 Nowadays, REE-based magnets dominate the market and it is 
expected that their demand will increase in the upcoming years due to the wide range of 
applications in which they are used.13,15 The main advantage that SmCo magnets have over 
NdFeB magnets is that they can be used at higher temperatures without losing their magnetic 
properties, besides the fact that they are less prone to corrosion than NdFeB magnets. Still the 
market for SmCo magnets is smaller compared to the one of NdFeB magnets and currently there 
is more concern about the supply of Nd rather than that of Sm.16 
In NdFeB magnets, Nd is the predominant REE used, while the main transition metal present is 
iron. The microstructure of NdFeB sintered magnets is composed mainly of Nd2Fe14B grains 
which are surrounded by an Nd-rich gain boundary phase whose chemical composition is highly 
non-uniform and can contain small quantities of praseodymium, gadolinium, terbium, and 
dysprosium, as well as other elements.17-20 The Nd-rich gain boundary phase may be composed 
of several phases depending on its oxygen content, the most common are α-Nd, NdO, Nd2O3, 
Nd2O3-cubic, NdO2, NdBO3 and NdFe; in the presence of other rare earths, phases such as (Nd, 
Pr, Dy)2O3 can be formed as well.20-22 The properties of the magnets not only depend on the main 
magnetic phase (Nd2Fe14B) but also on the characteristics and distribution of the intergranular 
phases.23 Small amounts of cobalt can be added to the grain boundary phase to increase the Curie 
temperature, as well as the presence of aluminum, cobalt, chromium, copper, molybdenum, 
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niobium, gallium, titanium, zirconium and tungsten can improve the corrosion resistance of 
NdFeB magnets.24-27 Dysprosium can be added to the magnet (up to 11%) to improve its 
coercivity or resistance to demagnetization at higher temperatures due to the enhancement of the 
anisotropy field of the phase by the formation of (Nd, Dy)2Fe14B.28 However, the addition of 
dysprosium in the main magnetic phase reduces the maximum energy product, (BH)max due to a 
reduction in the magnetization because of the antiferromagnetic coupling of the dysprosium 
atoms with the iron atoms.23 To solve this problem, a grain boundary diffusion process (GBDP) 
can be used to enrich dysprosium in the grain boundaries without entering the magnetic phase, in 
this way the coercivity can be enhanced without reducing the remanence.23,29  
 
1.1.1 The rare-earth crisis: the wakeup call 
Despite the fact of being called rare, the rare earths are not so rare on the earth’s crust, where they 
have a relatively high abundance. As it can be seen in Fig. 1.1. They are even more abundant than 
elements like gold or platinum, with Ce being the most abundant rare earth and Lu the least. The 
principal ore minerals for the REEs are monazite, bastnaesite and xenotime. Monazite which is 
mainly composed of Ce and LREEs (La, Ce, Pr and Nd), usually contains Th and/or U in low 
amounts. Bastnaesite also contains Ce and LREEs but additionally it comes together with very 
low quantities of HREEs and yttrium. In contrast to monazite and bastnaesite, xenotime contains 
HREEs, it can contain up to 67% rare earth oxides (REOs) and most of it corresponds to HREEs 
with Dy, Y, Er and Gd being more frequent than Tb, Ho, Tm and Lu. Xenotime of some 
locations can also contain significant concentrations of Th and/or U.30,31  
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Fig. 1.1. Abundance (atom fraction) of the chemical elements in Earth’s crust as a function of the 
atomic number Z.32 
There are many different deposits of rare earths in the world and China rules some of the most 
important ones (Fig. 1.2). However, this does not imply that the majority of the deposits can be 
found in China, in fact, today China owns only around the 31% of the known reserves.32,33 
Through history, rare earth mines have operated in different countries all around the world, from 
Brazil to China passing by South Africa and India. From the 1960s and the 1980s, the largest 
producer in the world was the mine located in Mountain Pass, California (U.S.).34 However after 
1998, Mountain Pass rare earth sales decreased due to the low prices offered by China and also 
due to environmental issues. As a consequence, the separation plant was shut down in 1998, and 
the mining stopped in 2002. After China reduced their exportation quota in 2010, Molycorp Inc. 
started a process for reopening this mine and by the end of 2012 the mine started operating 
again.35 Efforts were made towards the optimization of the operation and production of the mine 
hoping to recover the investments and to regain a place into the rare earth mining market.36 
Sadly, Molycorp Inc. filed for bankruptcy in the middle of 2015: “Rare earth pricing, which has 
declined dramatically over the past four years, was a key factor in the decision to suspend rare 
earth production at Mountain Pass.”37 As of February 2017 Molycorp and the mine were 
planned to be auctioned on March, 2017 after struggling with finding a buyer during more than 
a year.38  
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Fig. 1.2. Distribution of REE deposits in the world.39  
China is still today the largest producer of rare earth elements in the world as it provides up to 
95% of the world’s supply from its mines.39,40 Besides this, China also gained terrain in the 
supply of finished products containing rare earths such as magnets, phosphors, polishing 
compounds, generators, etc. By 2011 when China was already well positioned in the market of 
the rare earths and provided the world with rare earths and finished products containing rare 
earths, it decided to cut down the export quota of REEs (Fig. 1.3). China claimed that the reason 
behind this decision was that the mining of the rare earths, especially the illegal, was damaging 
their ecosystems and causing health problems to its population.41,42 43-45 
In 2012, Europe, the U.S. and Japan considered that these restrictions on the export quota of rare 
earths imposed by China were a violation of the world trade organization (WTO) regulations. The 
U.S. filled in a case and brought it to the dispute settlement body of the WTO and the European 
Union and Japan supported the U.S. by joining the case on its side. China argued that the taken 
measurements were legal because the WTO regulations allow countries to impose export quotas 
in order to conserve the environments and to protect plant, animal and human lives. Since the 
REE mining was damaging the ecosystems and causing damage to the health of the people living 
nearby the mines, China claimed that they reduced the export quota with the aim of mitigating 
this environmental problem. 
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Fig. 1.3. Historical and forecasted rare earth supply, 2006 – 2020.16 
The WTO highlighted that although the reasons China had mentioned are completely valid and 
that countries have the right to restrict mining for reasons of conservation and safety, the WTO 
members could not discriminate between domestic and foreign firms in order to benefit and give 
access to the mined resources. Indeed, China was giving priority to domestic firms to access the 
rare earths, which is against the principle of the “non-discrimination” that the WTO members 
must follow. In 2014 the WTO decided that China should drop the export quotas in 2015. China 
appealed insisting in its conservation argument but the WTO kept the decision and China 
dropped its export restrictions in 2015.32,46-50 Although China was forced by the WTO to drop the 
export quotas and the price of rare earths has decreased since 2014, a big lesson was learned, and 
that is that Europe cannot rely on other countries for the supply of raw materials that are crucial 
for its economy. Besides this, it is not clear what the future will bring since there are other 
measurements that can be adopted by China in order to maintain preferential access of rare earths 
to its domestic industries without breaking the WTO rules. 
 
1.1.2 How to solve the problem? 
There is not a simple and unique solution to the problem of the rare-earth supply and therefore 
different regions in the world take different strategies and initiatives to solve it.51 One of the 
proposed solutions is based on mining and especially after the 2011 spike in the prices of rare 
earths, Europe put more efforts towards explorative mining projects. However, economic 
t 
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viability of potential mines is needed to make the REEs mining outside China a successful story. 
With this aim, the size of the mine deposit and the average concentration of the rare earths need 
to be high. Low ore grades will make the mining too expensive and small deposits will not justify 
the investment and the work to set up a mine.31,52,53 In addition to the overall concentration of 
REEs in the deposit, it is highly important to pay attention to the rare earths that exist in the ore. 
Deposits with HREEs such as dysprosium that is less abundant and therefore has higher value 
than other REEs are much more attractive.33,39,54,55 
Before setting up a mine, exploration studies need to be done to find a potential mine, then 
feasibility, environmental and financial studies have to be carried out. The high operating costs 
that these steps represent, the low price of the rare earths nowadays and the long time before the 
mines might become profitable results in many potential investors stepping back. Besides finding 
and setting up the mine, scalable hydro and pyro metallurgical processes need to be developed to 
efficiently process the ores. This represents another technical and economic challenge that also 
comes along with a significant environmental impact. Furthermore, REE mining has to be strictly 
regulated and monitored to avoid a heavy impact on the environment as it was the case in 
China.41,43,56 Radioactivity is another challenge in REE mining, but this can be mitigated by 
strengthening the radioprotection and adjusting it according to the international and local 
regulations for the employees, the population living nearby and the waste management.40 Mining 
also involves the processing of the ores, which can be highly energy demanding and also 
consumes a lot of chemicals. The flowsheets for the extraction of rare earths from different kinds 
of ores have been reported in detail.53 Even taking into account all the above mentioned 
challenges, there is one potential exploration project for the mining of rare earths in Europe. The 
Kvanefjeld deposit, in Greenland which is expected to start production in 2018-2019 and to allow 
the production of heavy rare earth hydroxides, 4200 tpa as total rare earth oxide and light rare 
earth carbonate 26200 tpa total rare earth oxide. The Kvanefjeld deposit will have to deal with 
issues related to radioactive wasted due to the presence of U in the deposit.16  
Since there are many different types of ores, there are also different kinds of processing 
technologies to extract the rare earths. In general, the most common processing technique of the 
crude ore after mining consists in the concentration or beneficiation by milling and flotation. Fig. 
1.4 shows the main process steps in REE mining and beneficiation. In the first step, usually the 
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most employed surface mining technique is open pit mining, where before reaching the ore all the 
soil, vegetation and the waste rock (the part of the rock that has not ore or too low concentration 
of it) above it need to be removed. In the next step, milling, the ore is crushed and ground to a 
fine powder, then the valuable metals from the rest of the ore are separated by different physical 
methods. A common method is flotation in which hydrophobic materials are separated from 
hydrophilic ones by a process that is highly energy demanding and consumes a lot of water and 
flotation agents. Before entering the flotation, the REO concentration is in between 1 and 10%, 
after the flotation process, the product is enriched with REEs and the percentage of REO 
increases to 30-70%. The waste streams, also called tailings, are a mixture of water, chemicals 
and finely ground minerals. The concentrated REO product can be further processed to separate 
the different REE elements as necessary.57  
 
Fig. 1.4. Main process steps in REE mining and processing.58  
The mining and processing of rare earths is a complicated process that not only requires 
investment in infrastructure and technology but also the hiring of highly skilled personnel that 
can develop and optimize an efficient REEs extraction process. The rare earth crisis also put in 
evidence that there was a lack of trained and experienced scientists and engineers in the rare earth 
field in Europe.32 During the 80s and the 90s, when China gained the control over the rare earth 
market some factories decided to close their plants for the separation of rare earths and relocated 
the rare earth scientists of the time into other divisions. This created a gap and a lack of trained 
personal on the exploration and evaluation of ores, mining and beneficiation of concentrates, 
separation and processing of mixed and individual rare earths, recycling, production of primary  
materials (metals, starting chemicals, polishing compounds), manufacturing of semi-finished 
products (magnets, catalysts, phosphors, etc) and development of finished products (wind 
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turbines, cellphones, hard drives, monitors, etc).32 Projects such as EREAN (in which this PhD 
thesis was developed) were created in part, in order to contribute with the solution of this 
problem and thus give training to young scientists in the field of basic and applied rare earths, 
with emphasis on extraction, separation methods, rare earth metallurgy, sustainable materials 
management, recycling methods and life cycle assessment (LCA).59 
Another way to tackle the REE supply problem is to try to substitute the REEs in the finished 
products by other elements that are not critical. However, finding substitutes that are as effective 
as the rare earths elements is a complicated task. Furthermore, the development of rare earth free 
technology is a challenge that may take several years before it is implemented in industry.60 Still 
some governments have encouraged the development of these technologies since they can help 
reducing the dependence on rare earth elements. In 2011 Toyota started working on the 
development of induction motors that could replace the magnet motors in its hybrid electric 
automobiles. The now discontinued Toyota RAV4 EV was an electric car that contained an 
induction motor that was provided by Tesla which reported the use of copper rotor cage induction 
machines in all of their electric devices.61 There has been therefore a growing interest in 
developing electric motors for vehicles without the use of rare-earth permanent magnets.62-64 
Another approach was the one proposed by Daido Steel Co. and Honda Motor Co. last year.65 
Instead of changing completely the composition of the magnet, they changed the way they 
produced the magnet by employing a hot deformation method instead of the typical sintering 
method. This new strategy enables nanometer-scale crystal grains with high anisotropy to be 
well-aligned in a structure that is ten times smaller than that of a sintered magnet, which in turns 
makes it possible to produce magnets with higher coercivity. The magnet itself still contains Nd 
but it has no heavy rare earths and yet has a high resistance at high temperatures and a good 
magnetic performance that is suitable for its use in the motor of hybrid vehicles.65 Concerning the 
development of rare-earth free magnetic materials, in 2015, Makino and co-workers successfully 
produced a completely rare-earth free high quality FeNi magnet.66 Synthesis of magnetic 
materials in the form of nanoparticles smaller than 10 nm has emerged as an alternative method 
to stabilize traditional or new crystal structures. In 2013, Zr2Co11 permanent-magnet 
nanostructures were fabricated in a single-step process using the cluster-deposition method. The 
obtained material presented a high coercivity and magnetic moment.67 Indeed, in the recent 10 
years there has been a lot of research concerning the development of rare-earth-free magnetic 
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materials, although the development is still work in progress, the real challenge is in the scaling 
up.63,68 Another way to cut down the amount of demanded Nd is the implementation of hybrid 
drive wind turbines (power systems that combine wind turbines with other storage or generation 
sources, such as solar cells or hydrogen production through the electrolysis of water). Fluorescent 
light bulbs and LEDs depend on phosphors made from the rare earths terbium, europium and 
yttrium. Alternatives to these phosphors have been presented, and rare-earth-ion-free boron 
carbon oxynitride phosphors have been prepared from inexpensive and environmentally friendly 
raw materials, leading to the production of a phosphor with tunable color emission through a low-
temperature method.69 A novel rare-earth free self-luminescent Ca2KZn2(VO4)3  phosphor was 
synthesized in order to replace the rare-earth based phosphors commonly employed in white-
light-emitting diodes (WLEDs) and improve its properties.70 In the same way, it has been 
recently reported the straightforward synthesis of several rare-earth-free phosphors. However, 
their thermal stability remains an issue.71 If these products reach the industrial scale production 
they can help to further reduce the dependence on other countries for the supply of rare earth 
elements. 
An alternative strategy to solve the problem of REE supply is by the recycling of REE. REE can 
be recovered from magnet swarf and rejected magnets, industrial residues containing rare earths 
such as red mud and phosphogypsum, end-of-life (EOL) products containing phosphors 
(fluorescent lamps, compact fluorescent lamps, LEDs, LCD backlights and plasma screens), 
permanent NdFeB magnets present in vehicles (motors, switches, sensors), mobile phones (loud 
speakers, microphones), hard disk drives, electric bikes and wind turbine generators.16,18 
Approximately 26 000 tons of REOs are used per year in the production of NdFeB permanent 
magnets, conforming the largest application both in tonnage and in market value.72 NdFeB 
magnets are widely used because their properties can be fine-tuned by modifying their chemical 
composition to meet the requirements of different applications. Dy and Tb are used to increase 
the anisotropy and coercivity of the magnet, which is important for magnets that will be used at 
high temperatures, but they decrease the remanence and the energy product. Cu and Al can be 
added to improve sintering of the magnet alloy, while Co is added to increase the Curie 
temperature of the magnet.60,72,73 It is expected that in the near future (2017-2035) the demand of 
REE magnets and Dy grows considerably due to the fast growing of green technologies such as 
wind turbines and electric vehicles.72 China and Japan have led the production of REE permanent 
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magnets but China has dominated most of the market share. It is expected that the demand of 
REE permanent magnets increases and reaches approximately 36 000 tons this year. It is also 
forecasted that China will continue dominating the market of the rare earth elements at least in 
the close future (Fig. 1.5).74  
The recovery of REEs from EOL NdFeB magnets not only helps to satisfy the demand of REE in 
the magnet sector but also helps to mitigate the so-called balance problem of the rare earths. This 
is by trying to level the unbalance between the market demand for specific REEs and the natural 
abundance of the REEs in the ores. For instance, the demand of Dy is expected to increase in the 
upcoming years, but the supply of Dy from mining will likely lead to an oversupply of other rare 
earths that are more abundant in the ore (e.g. Nd, La, Ce and Y). Besides this, recycling avoids 
the need to deal with the radioactive elements that can be found in the mines, since as a result of 
the large Dy demand, large quantities of thorium would be also co-produced.54,75,76  
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Fig. 1.5. Global production of NdFeB permanent magnets and the demand for the REEs 
(a) Total global NdFeB magnet production and prediction: 2005-2020, (b) Total global REE 
demands for permanent magnets.74 
 
1.1.3 Recycling of NdFeB magnets 
Life-cycle assessment (LCA) is a technique to estimate the environmental impacts associated 
with all the stages of the fabrication of a product or a process. Although the production of NdFeB 
permanent magnets is of high importance and plays a key role in the economy, to date, there are 
very limited LCA studies on the production of REEs and their recycling. A review on the 
available LCA studies related to the production of REEs has been published in 2014,77 where it 
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has been discussed how rare earth elements such as Nd and Dy are in a supply risk and how they 
are indispensable for the production of rare earth permanent magnets. Last year LCAs on the 
production of NdFeB magnets from newly mined material and from recycled magnets were also 
published.78 As a result of this study it was shown that REEs recycling has a less environmental 
impact than the virgin process and also offers magnets with a stronger magnetic performance and 
better microstructure. Fig. 1.6 shows the different steps involved in a common recycling of 
permanent magnets procedure and the virgin production route based on mining.  
 
Fig. 1.6. Detailed processes: virgin production vs. magnet to magnet recycling.78 
In a previous study, it was also concluded that recycling of permanent magnets through the 
manual dismantling of computer hard disk drives combined with a hydrogen based recycling 
process (hydrogen decrepitation) is preferable over the primary production and other processes in 
which the hard disk drives are shredded.15,79 It has also been highlighted recently that in 2020-
2030 about 18-22 percent of LREE (Nd and Pr) and 20-23 percent of HREE (Dy and Tb) global 
demand for NdFeB magnet production can be met by REEs recycling from EOL magnets and 
industrial scrap.80 In 2015 the European Rare Earths Competency Network (ERECON) listed the 
devices containing REE permanent magnets that could be recycled, such as hard disk drives, 
automotive applications, motors in industrial applications, loudspeakers, air conditioning 
compressors, magnetic separators, mixed electronics (mobile phones, electric toothbrushes, 
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shavers, drills, etc), electric bicycles and wind turbines.16,81 However, the long-term demand of 
NdFeB cannot be established with total certainty, since the market changes constantly, different 
applications can be found, new materials can be developed and the REE content on the EOL 
products of today might not be the same of the one in 30 years. Today, the recovery rates of these 
types of products are low, but they can increase with the time as collection and recycling schemes 
are established and the users get involved into the recycling process. Still it is important to take 
into account when creating recycling schemes, that China not only drives the demand for the 
REE but also for the NdFeB applications since they are also one of the main producers of the 
finished products. As a result, it could be expected that the amount of produced scrap in China is 
likely to arise in large quantities in the upcoming years. Moreover, China is also a large consumer 
of magnets, which means that many of the EOL magnets to be recycled will be located in China. 
Therefore it would be beneficial if recycling collaborations with China are explored in order to 
find a sustainable strategy for the recycling of REEs and meet the global REE demands.80  
Since the REEs prices dropped significantly in 2011, the implementation of promisory processes 
for the recycling of REEs at larger scale has gotten difficult. Since the prices are low, there are 
not economic incentives to start implementing the recycling schemes of NdFeB magnets. The 
latter is especially true in countries where the labor costs also pose a challenge for the economic 
feasibility of REEs recycling in an industrial scale.80 To alleviate this situation the government in 
Japan has issued subsidies to help the setting up of REE recycling from NdFeB magnets.82 An 
additional advantage of REE recycling is associated with a lower investment cost in comparison 
to the establishment of a new mine. If in addition to such initiatives it is taken into account that 
the REE composition of the EOL magnets/industrial processing scrap is closer to the desired REE 
ratio required in the production of new magnets than the ratio that is found in the ores and that 
REE recycling is more efficient, take less time and is more environmentally friendly than the 
mining process, it is expected that the REE recycling process will contribute on the global supply 
of REE and to the economy. It has to be highlighted that although substitution of REE in products 
can be beneficial to mitigate the criticality of the heavy rare earths or the rare earths in general, 
substitution and competition could become competing strategies.63,80 The cut down or 
substitution of REE in products can mitigate the shortage of rare earths today but this will have 
an impact on the future because less material containing REE will be available to be recycled. An 
excess of substitution can make the recycling of REEs less economically viable. In the same way, 
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an excess of recycling can make the substitution less economically viable. A balance in the 
substitution and the cut down of REE is a good strategy that can help to stabilize the market of 
the required REEs and will facilitate the planning for the recyclers.83 
There have been several advances in the recycling of REEs contained in phosphors at industrial 
scale. However, the recycling rates for REEs from end-of-life products across the world are still 
reported to be very low (< 1 %).16,84-86 In the case of NdFeB magnets, they are only being 
recycled in Japan by Tokyo Eco Recycle Co., Ltd. a company from the Hitachi group that was 
founded with the aim of recovering resources from personal computers and household 
appliances.87 Since 2012 this company has been recycling magnets from hard disk drives (HDDs) 
and air conditioner compressors with a process capacity in the order of tons. Their process can be 
summarized as follows: (1) A HDD dismantler removes the voice call motors (VCMs) from 
HDDs and demagnetizes them. (2) A magnet recovery machine removes and separates the 
magnets from the demagnetized VCMs, (3) and a material recovery machine recovers the 
different materials from the scrap left over by the HDD dismantler. (4) The magnet recovery 
machine separates the rare-earth magnets from the yoke. The scrap contains iron, glass, electronic 
circuit board pieces, aluminum and stainless steel. These materials are recovered by using 
different techniques such as magnetic separation, vibrating filtration, gravity concentration, etc. 
Electronic circuit board fragments contain precious metals, so this process also serves as a 
starting point for the precious metal recovery. Hitachi has improved and redesigned some parts of 
their equipment to make it compatible with the processing of compressors that have different 
shapes.87 
In general terms, the steps involved in the recycling of rare earths from EOL NdFeB magnets 
include:16 
Identification of the products that contain rare earths. 
Collection of these products in quantities that are large enough to make the recycling 
viable. 
Detection of the rare-earth-containing component in the scrap. 
Separation of these components by manual or mechanical dismantling or sorting. 
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Extraction of the rare earth-containing material as an alloy, rare earth oxide or salt. 
Refining of the separated rare earth fraction to an alloy, compound or element. 
Re-processing of the elements or alloys into a new form of material. 
The identification, collection, detection and separation steps are key on the efficiency of the 
recycling process. For instance, it has been amply demonstrated how carrying out conventional 
shredding without separation of end of life vehicles (ELV) and household appliances reduces the 
concentration of Nd below 130-290 g of Nd/ton, which is even much lower than the REEs 
content in some mine tailings (1000-1500 g/ton). Recovering from such low concentrations is not 
attractive from an economic point of view.72,88 A similar situation is presented when shredding 
from electronic waste without dismantling and separating the magnets from the magnet-
containing component, which results in the complete loss of REEs.89  
There are different ways to carry out the separation step, one is the hydrogen processing of 
magnet scrap (HPMS), in which the rare-earth containing component of the HDD is exposed to 
hydrogen at atmospheric pressure and room temperature to generate a soft magnetic powder that 
is no longer magnetically attracted to the ferrous components in the scrap. Afterwards, the 
magnet powder containing also Ni (from the coating of the magnet) is mechanically sieved and 
separated from the nickel flakes.90 
After the extraction, there are several paths that can be taken in order to arrive to the re-
processing of the magnet, these paths are summarized in Fig. 1.7.18,72,86 When a clean, non-
oxidized form of NdFeB magnet can be separated from EOL products as a solid magnet or as a 
hydrogenated powder magnet, it is possible to reprocess it by using a direct alloying route that is 
also used in the primary production of magnets. However, modifications are needed in order to 
reduce the oxygen content in the magnet since it is usually higher in the recycled source of 
sintered NdFeB than in the primary cast NdFeB material. Also, the composition of the magnet 
can be modified by blending with extra REE material in order to achieve certain properties. 
Advantages of the direct alloy recycling are that few steps are required in these processes and 
typically these routes have smaller environmental footprint and fewer steps compared to other 
recycling routes. Among this group the re-sintering of scrap NdFeB magnets,91 hydrogenation 
disproportionation desorption and recombination (HDDR) of scrap-sintered NdFeB magnets,92-94 
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re-casting and melt pinning of sintered NdFeB magnet scrap can be found.95 This kind of 
approach is very useful when dealing with big magnets such as the ones found in wind turbines 
and electric motors of electric vehicles. However, direct alloy recycling can be difficult when 
processing small magnets and it is not possible to use when direct shredding is employed because 
of the high amount of impurities present. Even in the case of manually dismantled HDDs the 
heterogeneity of the scrap magnet material can be so high that it could make it incompatible with 
the re-sintering process.96 Metallurgical extraction, separation and refining have been proposed as 
an alternative to solve this issue. In the metallurgical path, there are mainly three ways that can be 
recognized, namely, pyrometallurgy, solvometallurgy and hydrometallurgy. Pyrometallurgy 
selectively converts the REEs in the magnet into another phase that separates the main non-REE 
components.72 It can be divided into 5 groups, specifically roasting, liquid metal extraction, 
molten salt extraction, molten slag extraction and electrochemical processing. These methods are 
usually applicable to all types of magnet compositions and has the additional advantage of 
generating zero wastewaters or effluents, but at the expense of a high-energy consumption.97 18,72 
In solvometallurgy, non-aqueous solvents such as molecular organic solvents, ionic liquids, deep-
eutectic solvents (DESs) and inorganic solvents such as liquid ammonia, concentrated sulfuric 
acid or supercritical CO2 are employed. The advantages that this strategy provides are the limited 
water, energy and acid consumption, the possibility to have higher efficiencies and different 
selectivities, as well as the possibility to work with water sensitive complexes or metals that can 
hydrolyze easily in water.98 Finally, hydrometallurgy, that involves the use of aqueous chemistry 
to recover metals from different sources, can be divided into two main categories including 
leaching and solvent extraction. Hydrometallurgy allows the recovery of individual rare earths 
from magnet scrap, EOL magnets, slags and tailings. This strategy is of high importance when 
the recycled rare earths are employed in the fabrication of other products or magnets with 
different compositions and characteristics than the recycled one.16,18 
 
1.2 Hydrometallurgy as a tool for the recovery of rare earth elements 
 
In general, hydrometallurgical processes are highly flexible, since complex material can be 
treated (e.g. ores, low-grade ores, or magnets) and individual metals or groups of metals can be 
recovered by correct design and fine-tuning of the parameters and the leaching agents and 
18	
 
extractants. The latter is rather complicated or almost impossible by using other methods such as 
pyrometallurgy. On the other hand, the scaling up of hydrometallurgical processes is more 
difficult, since several steps are involved and therefore their full understanding before scale up is 
required.99 
 
1.2.1 Leaching 
Leaching (or solid-liquid extraction) is the first step to dissolve the metals that are present in a 
shredded material, a recovered used magnet, magnet scrap, or grinded rock from ores. One way 
to implement a leaching step is by dissolving completely the used NdFeB magnet or the magnet 
scrap with or without a roasting step in mineral acids. This usually leads to high extraction yields, 
but it requires of more additional steps to separate and purify the elements of interest.72,88,100 A 
better strategy is to carry out a selective leaching where the scrap material is first roasted and then 
dissolved selectively with a mineral acid based on the different oxidation state and solubility of 
the obtained metal salts.72 18,100-103 A good example of selective leaching is the one proposed by 
Önal and coworkers,104 where powdered samples of EOL magnets were mixed with sulfuric acid, 
dried, calcined and then leached selectively with water, allowing the recovery of 95-100% of 
REE (Nd, Pr, Dy and Gd) while Fe (present in the magnet up to almost 70%) and other impurities 
remained in the residue. This REE-rich leachate can be employed in solvent extraction processes 
for further separation and purification of the present rare earths. Besides this, the process allows 
the recycling of the majority of the consumed acid.  
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Fig. 1.7. Different recycling routes for the recovery of REEs from NdFeB magnets (EOL or scrap).  
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1.2.2 Solvent extraction 
Solvent extraction (SX) is an important and powerful tool in the modern chemical industry. It has 
a wide range of applications from the recovery of metals to the recovery of organic molecules, 
metabolites from natural products, chemicals from waste streams, pesticides, among others.105 
Concerning the separation of rare earth elements, solvent extraction is considered as one of the 
most suitable technology for the separation of rare earths into groups or individual elements.106  
In general, a solvent extraction process can be depicted as shown in Fig. 1.8. An initial aqueous 
solution containing a mixture of compounds or metal ions is put in contact with a hydrophobic 
organic phase, these two phases are then mixed until the equilibrium is reached. The success of 
the separation will depend on many different factors that will influence the extraction process 
such as temperature, stirring rate, concentration of the extractant, organic aqueous phase ratio, 
type of diluent, salt concentration, among others. Once the equilibrium is reached and the system 
has been settled, the phases are separated and can be easily recovered again. 
 
Fig. 1.8. General scheme for a solvent extraction process showing the different steps involved. 
 
1.2.2.1 General considerations of solvent extraction processes 
The efficiency of the extraction and separation of metal ions can be expressed in terms of the 
distribution coefficient and the separation factor. The distribution coefficient of a metal ion, M, 
DM is given by: 
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𝐷! = !!                               (Eq. 1.1) 
where 𝑀  is the molar concentration of M in the organic phase and 𝑀  is the molar 
concentration in the aqueous phase after extraction. The percentage of extraction (%E) is defined 
as the initial amount of metal ion in the aqueous phase ([Mi]) minus the amount of metal ion in 
the aqueous phase after extraction ([Mf]) over the initial amount of metal ion ([Mi]). In case of 
equal volumes it can be expressed as: 
%𝐸 = ( !! ! !! )[[!!]] ×100                (Eq. 1.2) 
The separation factor of two different metal ions M1 and M2, α is given by: 𝛼 = !!!!!!           with         𝐷!! > 𝐷!!                       (Eq. 1.3) 
The metal ions are extracted into an organic phase that usually consists of an extractant, a 
molecular solvent, and if needed, a phase modifier (to avoid the formation of a third phase and/or 
to improve phase disengagement and reduce the viscosity).106 The organic phase containing the 
target metal ions after extraction is called extract. If other metals are co-extracted, a scrubbing 
step might be necessary to improve the purity of the organic loaded phase. This is achieved by 
contacting the extract with an aqueous phase that allows removing the undesired metal ions, 
while keeping the target metal ions in the extract. Afterwards the metal ions can be removed from 
the organic phase by stripping, which is achieved when the extract is contacted with an aqueous 
solution for which the metal ions have higher affinity. Then targeted metals can be precipitated to 
obtain metal salts and further calcined to produce metal oxides.107  
The chemistry of the metal solvent extraction has been well summarized and explained in the 
literature.106,108-112 For the extraction of rare earths, there are basically three types of extractants 
(Fig. 1.9): 
• Acidic extractants (cation exchange mechanism) 
o Carboxylic acids (e.g. Versatic acid 10, LIX 1104) 
o Organophosphorus acids (e.g. Cyanex® 272, MEHPA, PC 88A, D2EHPA) 
o Chelating extractants (e.g. β-diketonates) 
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• Neutral extractants (solvating mechanism) 
o Neutral extractants (e.g. TOPO, TBP, Cyanex® 923) 
• Basic extractants (anion exchange mechanism) 
o Protonated amines (e.g. Primene JM-T) 
o Quaternary ammonium salts (e.g. Aliquat® 336) 
o Quaternary phosphonium salts (e.g. Cyphos® IL101) 
 
 
Fig. 1.9. Examples of common metal extractants. 
 
Acidic extractants (cation exchange mechanism) 
The general reaction for this kind of extractants can be written as: RE!! + 3 HA ← REA! + 3H!                                (Eq. 1.4) 
Usually, the process is more complicated than the described one in Eq. 1.4. The acidic extractants 
are usually aggregated as dimers in non-polar organic solutions that will affect the complex 
formed during the extraction, thus the reaction can be better depicted as,108  
 RE!! +𝑚 H!A! ← REA!(HA)!!!! + 3H!                                (Eq. 1.5) 
Acidic extractant Neutral extractant Basic extractant 
D2EHPA TOPO Cyphos® 101 IL 
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where H2A2 represents the dimeric form of the organic acid. From this equation it can be inferred 
that the extraction of rare earths with this type of extractants is promoted by increasing the pH of 
the aqueous phase and the stripping process is promoted by increasing the acidity of the aqueous 
stripping solution.106 
The cation exchangers that are used in the separation of rare earths can be divided into carboxylic 
acids and alkylphosphoric acids. The extraction power depends on the acidity of the extractant as 
follows: 
Alkylphosphoric > alkylphosphonic > alkylphosphinic > carboxylic acids 
(RO)2PO-OH    >   (RO)RPO-OH    >    R2PO-OH  >      R(CO)OH 
As a result, the alkylphosphoric are the strongest extractants, but they will make the stripping 
much more difficult and at the same time more time and economical demanding. Due to the 
relatively large separation factors for neighboring rare-earth ions, only one acidic extractant 
would be necessary to separate a mixture of rare earths. The efficiency of the extraction is 
strongly dependent on the acidity of the aqueous phase, which can be considered a disadvantage 
since the pH needs to be controlled carefully. One of the main drawbacks is that gels and 
emulsions can be formed when working with highly concentrated feeds.113-117 
 
Neutral extractants (Solvating mechanism) 
The general reaction for this kind of extraction can be written as: 
RE3++3NO!_+3B ← B!·RE(NO3)3                        (Eq. 1.6) 
where B represents a neutral extractant. As it is depicted in Eq. 1.6, this extraction involves the 
transfer of a neutral species from the aqueous to the organic phase by solvation of the metal ion 
within a neutral salt species. The water molecules hydrating the complex are replaced by 
solvating molecules that form a more hydrophobic complex that is soluble in the organic phase. 
Several molecular extractants have been used for the separation of rare earths: tributyl phosphate 
(TBP), Cyanex® 923 and dibutyl butyl phosphonate (DBBP).108 53,99,106,111,118-120 These 
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extractants can be used to extract rare earths from very concentrated feeds having less problems 
with gel formation than in the case of the acidic extractants. The stripping can be achieved with 
water or diluted acids. 
  
Basic extractants (anion exchange mechanism) 
Anion exchangers are protonated forms of primary, secondary and tertiary amines and quaternary 
compounds such as quaternary ammonium salts. The general reaction for this kind of extraction is 
expressed in Eq. 1.7 and 1.8. 2RNH! + H!SO! ← RNH! !SO!               (Eq. 1.7) 2Ln(SO!)!!! + 3 RNH! !SO!  ← 2 RNH! !Ln SO! ! + 3SO!!!           (Eq. 1.8) 
The interaction of quaternary ammonium ions with rare earth metal anionic complexes is 
electrostatic, thus the selectivity will depend on the charge, ion size and the complex formation in 
the aqueous phase.108 The concentration of the anion will be therefore of high importance, since it 
will directly affect the distribution coefficient. Afterwards, the back extraction is easily achieved 
with water as in the case of neutral extractants.106 One major drawback when using basic 
extractants is that primary amines or quaternary ammonium salts can conduce to aggregation 
issues when the organic phase is highly concentrated and therefore increase the viscosity of the 
system. This problem can be addressed by the addition of a modifier, but this usually decreases 
the extraction efficiency.106,108,109,111 
 
1.2.2.2 Solvent extraction using ionic liquids 
Ionic liquids (ILs) are solvents that consist entirely of ions (Fig. 1.10). Some of the most 
important characteristics of ILs are their chemical and thermal stability, wide electrochemical 
potential window, low flammability and negligible vapor pressure. ILs are also electrically 
conductive, which means that there is no danger of accumulate static electricity that can result in 
sparks.121  These features make them good candidates for the replacement of conventional 
organic phases in solvent extraction.122  However, the relatively high viscosity of some ionic 
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liquids represents a challenge, since it could slow down the mass transport in the solvent 
extraction process. Hydrophobic ILs with fluorinated anions such as hexafluorophosphate (PF6−) 
or bis(trifluoromethylsulfonyl)imide (Tf2N−) are less viscous than other common ionic liquids, 
but ionic liquids containing these anions are expensive and the hexafluorophosphate ions can 
hydrolyze to hydrofluoric acid.123 Moreover, the extraction of metals with these ionic liquids 
occurs through an ion-exchange mechanism in which part of the ionic liquid is lost in the aqueous 
phase. To alleviate this situation, hydrophobic cations that contain long alkyl chains with anions 
such as nitrate or chloride are preferred. The problems associated with the high viscosity of these 
ILs can be solved by saturating them with water before the extraction and using higher extraction 
temperatures. Thus the dilution of the IL in organic solvents is avoided in order to make the 
processes greener and take advantage of the properties of the undiluted IL. 
 
Fig. 1.10. Typical cations and anions of ionic liquids.124 
Ionic liquids have been used alone or in combination with other extractants for the recovery of 
rare earths. In 2003, Nakashima and coworkers reported the use of octyl(phenyl)-N,N-diisobutyl 
carbamoylmethyl phosphine oxide (CMPO) as extractant dissolved in the ionic liquid 1-butyl-3-
methyl-imidazolium hexafluorophosphate.123 The extractability of the rare earth ions was higher 
than when using conventional organic solvents and the stripping step was carried out with 
complexing agents such as EDTA and citric acid.125 In another study, a new extractant, N,N-
dioctyldiglycolamic acid (DODGAA) was used in combination with 1-methyl-3-octyl 
imidazolium bis(trifluoromethylsulfonyl)imide [C8mim][Tf2N] for the separation of lanthanides. 
The efficiency of the extraction was higher when compared to the system in which DODGAA 
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was diluted in n-dodecane.126 In another approach, D2EHPA was used in combination with 1-
alkyl-3-methylimidazolium hexafluorophosphate [Cnmim][PF6] (n = 2, 4) to separate Ce, Nd, Sm, 
Dy and Yb. When comparing the ionic-liquid based system to conventional organic systems 
using hexane as diluent, higher distribution ratios were obtained for the studied rare earths.127 Bi-
functional ionic liquids (Bif-ILs) have been also studied for the recovery of Nd and Pr from 
NdFeB magnet leachates. Trioctylmethylammonium bis(2,4,4-trimethylpentyl)phosphate 
(R4NCy) and trioctylmethylammonium di(2-ethylhexyl)phosphate (R4ND) were compared 
against conventional extractants. The extraction efficiency of different extractants for Nd and Pr 
was determined to have the following order: R4NCy > R4ND > Cyanex 
272 > D2EHPA > Aliquat® 336.128  
One of the first efforts for the recycling of rare earths from permanent magnets using undiluted 
ionic liquids was carried out by using trihexyl(tetradecyl)phosphonium chloride to remove cobalt 
from samarium and iron from neodymium. As result, the rare earths were left in the aqueous 
solution and the transition metals were extracted to the ionic liquid phase. The stripping of cobalt 
was achieved with water while the stripping of iron was carried out with EDTA.129 The rare 
earths in the aqueous phase were recovered as oxalates and then calcined.101 By changing the 
anion of the ionic liquid and using trihexyl(tetradecyl)phosphonium nitrate the rare earth ions can 
be extracted as the transition metals remain in the aqueous phase. In this case, lanthanum and 
samarium were separated from nickel or cobalt.130 Dupont and Binnemans131 developed a new 
recycling process for (microwave) roasted NdFeB magnets based on the ionic liquid betainium 
bis(trifluoromethylsulfonyl)imide ([Hbet][Tf2N]). The thermomorphic properties of the 
[Hbet][Tf2N]–H2O system allowed the design of an efficient leaching/extraction step, where at a 
temperature of 80 °C the system is completely homogeneous and at temperatures below 56 °C the 
system is biphasic. Under these conditions, iron is distributed to the organic phase while 
neodymium, dysprosium and cobalt remain in the aqueous phase. Oxalic acid was then used to 
precipitate the rare earths along with the present cobalt, while the iron was transferred from the 
ionic liquid phase to the water phase as a soluble oxalate complex. Cobalt was subsequently 
removed from the oxalate mixture of rare earths using aqueous ammonia. The mixture of rare-
earth oxalate was calcined and the rare earths were recovered as a mixture of oxides.  
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The split-anion extraction is an approach that can be employed for the separation of mixtures of 
rare earths by solvent extraction using undiluted ionic liquids.132 The rare-earth ions are extracted 
from a chloride aqueous phase to an organic phase, consisting of a hydrophobic thiocyanate or 
nitrate ionic liquid without the need of adding an acidic extractant due to the stronger interaction 
between the rare-earth ions and the thiocyanate ions in the ionic liquid.132 The process is called 
split-anion extraction because the aqueous and organic phases consist of different anions, for 
example, thiocyanate anions will have preference for the organic phase since the order of 
preference of the ions for the organic phase is in the ascending order: SO42− > Cl− > Br− > NO3− > 
I− > ClO4− > SCN−. Therefore, the chloride anions that are characterized for having a high charge 
density are strongly hydrated and tend to remain in the aqueous phase.133 The major advantage of 
split-anion extraction is that the source of the complexing anion is the ionic liquid phase. 
Additionally, the stripping of the rare earths from the ionic liquid phase by water is easier. The 
extraction mechanism is denoted by Eq. 1.9.  
Ln!! + 3SCN! + x− 3 PR!SCN PR!! (!!!) Ln SCN ! !!!                    (Eq. 1.9) 
 
The separation of rare earths into individual elements using ionic liquids will be presented in 
Chapters 3 and 4. 
 
1.3  Upscaling 
 
Industrial solvent extraction equipment can be classified into three categories: (1) centrifugal 
extractors, (2) columns and (3) stage-type extractor.134 Centrifugal extractors are high-speed 
rotary machines.135 They provide one stage of extraction per unit, which means that multiple units 
can be attached together. The phase separation in a centrifugal contactor is faster and more 
efficient than in other equipment due to the centrifugal forces. This category of extractants is 
ideal for systems that suffer of poor phase separation and slow phase disengagement, systems that 
tend to form emulsions and relatively high viscous phases. It also offers low residence times and 
therefore a large process capacity. The category of the column extraction equipment includes 
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packed towers, pulse columns, rotating disc contactors, tray columns, etc. This type of extractors 
maximizes the utilization of the mass transfer driving force because compared to mixer-settlers 
the stage retention time in a stage is only about 30% of that in the mixer-settler when the 
processing capacity is the same. Some disadvantages are that they are difficult to scale up to 
handle high flow rates and high O:A phase ratios. Concerning the stage-type contactors, one of 
the most common is the mixer-settler. In this type of set up, the organic phase and the aqueous 
phase are mixed together in one chamber by an impeller. The extraction occurs during the mixing 
step and it takes from seconds to minutes to reach the steady state. Then the phases are 
transferred to a settling chamber in which the separation of both phases occurs by gravity due to 
the different phase densities. Each mixer-settler represents one stage of extraction, thus units can 
also be linked together and the process can be operated in continuous mode. However, fast 
disengagement is required and mixer-settlers usually take up a lot of space. Table 1.1 summarizes 
the main advantages and disadvantages of the different type of solvent extraction equipment.   
Table 1.1 is a good starting point for the selection of the best type of contactor for a solvent 
extraction process to be scaled up. It is important to notice that the selection of the contactor 
mostly relies on the physical properties of the extraction system. For instance, the density, 
viscosity and interfacial tension of the phases play a key role in the mixing process and later on in 
the phase separation. The kinetics of the extraction process has also a high importance on the 
selection of the contactor. For example, for processes requiring longer equilibration times, mixer-
settlers are more suitable since they offer longer residence times than centrifugal extractors. Other 
parameters to take into account are the process capacity needed, the number of stages required, 
plant limitations in terms of area or height, fabrication material of the equipment, health and 
safety and maintenance of the equipment. 
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Table 1.1. Summary and comparison of different types of extractors.135 
Parameters Mixer-settlers 
Columns 
without 
agitation 
Columns with 
agitation 
Centrifugal 
extractor 
Separation 
Efficiency 
High Poor Average High 
Mass transfer Average High Low High 
Residence time Long Average Average Short 
Stage required Low Average High Average 
Capacity 
Low 
 
Low High High 
Capital cost High Low Average High 
Operation cost 
 
High Low Average High 
Maintenance 
Cost 
Average 
 
Low Average High 
Plant headroom Low High High Low 
Floor area Large Low Low Moderate 
Holdup volume High Average Average Low 
Reliability Good Good Good Average 
Flexibility Good Average Average Good 
Complexity Simple Simple Average Complex 
Quick restart 
Quick/ 
Easy 
Difficult Difficult Quick/easy 
 
In general terms, mixer-settlers are suitable for systems that have good phase disengagement and 
require a large number of theoretical stages. Columns without agitation are mainly employed 
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when there is good phase disengagement and a small number of theoretical stages. Agitated 
columns are suitable for moderate phase disengagement and a small number of theoretical stages.  
Centrifugal extractors are used for difficult phase separation and small number of stages.135 
 
1.3.1 Mixer-settlers 
The general design of a mixer-settler is shown in Fig. 1.11. They consist of two parts, a mixer for 
contacting the two liquid phases and a settler for their separation after extraction either in a 
continuous or batch wise operation. There are different parameters that can be configured in a 
mixer-settler: the design and location of the impeller in the mixer, the shape of the mixing 
chamber, the location of inlets and outlets and the design of the baffles. Those parameters affect 
the flow patterns in the mixer-settler, the depth of the dispersion band and the droplet size 
distribution. For example, the appropriate mixing conditions have to be applied in order to create 
a large interfacial area and thus assure a good mass transfer and stage efficiency. However, over-
mixing might cause the formation of too small droplets that will not be easily separated in the 
settler. A baffle located at the entrance of the mixer reduces the turbulence and therefore can 
contribute to fast phase disengagement. Picket fences or coalescence plates can help the droplets 
in the dispersion to merge and favor the phase separation. However, picket fences at larger scales 
might get blocked due to the presence of solids, for example. An important advantage of mixer-
settlers is that the lab setup geometries can be easily scale up to industrial levels.112,135  
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Fig. 1.11. General scheme of the process work of a mixer-settler.136  
To design a solvent extraction process it is necessary a clear understanding of the distribution 
coefficients and equilibrium isotherms of the system. These data and curves are obtained in the 
laboratory or to some extent can be calculated by computer if enough data is available in the 
program. A software can operate in design mode or performance mode but in both cases it is 
necessary that the operator introduces the data of the extraction and stripping isotherms into the 
program. The software can then determine the O/A ratio and number of stages to achieve, for  
example, a chosen raffinate concentration. The software can also determine the concentration of 
metal ions of interest in the raffinate for a given set of extraction parameters. Typical software 
packages allow the construction of the isotherm from data generated in the lab, prediction of mass 
balances and percentage recovery of the target compound or metal ion, the possibility to change 
the number of extraction or stripping stages and determine changes in concentrations of the 
raffinate and calculation of O/A ratios.137 
The number of theoretical stages required for a separation can be determined by different 
methods. The McCabe-Thiele diagram is one of the most employed graphical methods to 
determine the number of theoretical stages required in a solvent extraction process. This method 
is based on graphical constructions of an extraction or stripping isotherm and an operation line. 
Thus, a stepwise determination of the number of stages required to achieve certain grade of 
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separation can be defined. The slope of the operation line is equal to the volume ratio between the 
organic phase and the aqueous phase.138 The operating line can be settled by any two points or by 
only one point and the ratio of A/O feed that decides the gradient of the line.139 Fig. 1.12 shows 
an example of how a McCabe-Thiele diagram looks like. This diagram was constructed by 
performing extractions at different organic:aqueous phase ratios and measuring the concentration 
of the target metals in both phases after extraction. In this case, Lu and Yb are extracted with 0.1 
M TOPS 99 from sulfuric acid media, the initial concentration of both metals is 56.7 mg L–1. In 
the Y axis, the concentration of the metals in the organic phase is plotted, while the X axis 
corresponds to the concentration found in the aqueous phase. A vertical line in the X axis is 
placed at the value that corresponds to the initial concentration of the feed. Operating lines with 
different slopes (different O:A ratio) can be drawn and at some point they will intersect the 
vertical line at the initial concentration in the feed. This intersection point is denoted by the letter 
A in Fig 1.12.  Then, a parallel line to the X axis can be drawn until it meets the isotherm (point 
B). Then a vertical line can be plotted until it touches the operating line (point C) and it continues 
successively until the beginning of the isotherm is reached. According to Fig. 1.12, 3 stages 
would be needed to carry out the separation at an A:O equal to 2:1. 
 
Fig. 1.12. McCabe–Thiele plot for Lu+Yb extraction. Organic: 0.1 M TOPS 99, Aqueous: 
[Lu+Yb]= 56.7 mg/L, [H3PO4] = 3 M.140 
A B 
CD
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The McCabe-Thiele method is still used in these days because it helps the researcher to develop 
an impression about how the system will behave in larger scales. Moreover, if there is an unusual 
metallurgical behavior in the system, the McCabe-Thiele diagram will show it.141 McCabe-Thiele 
diagrams are useful to determine the number of stages of extraction but also the number of stages 
of stripping. To generate a stripping isotherm, the loaded organic phase is contacted with 
different volumes of the stripping solution, making sure that different O:A ratios are covered. In 
this case, the concentrations of the organic and aqueous phases are plotted in the X and Y axis, 
respectively, which is the opposite of what is plotted for an extraction isotherm.  
There are many variables that can affect a McCabe-Thiele construction such as the strength and 
concentration of the extractant, pH of the aqueous phase, content of the metal ion in the aqueous 
phase, slope of the operating line,  shape of the isotherm and stage efficiency. The steepness of 
the isotherm can be increased markedly by using a stronger extractant, which allows the use of a 
less number of stages of extraction than when a softer extractant is employed (using the same 
O/A ratio in both cases). When there is a decrease on the efficiency of extraction at the final 
stages of extraction, the isotherm can adopt the form of an “S”, which can be translated in an 
increase of the number of stages required for the separation. In this case, it would be very difficult 
to achieve low concentrations of the metal ion in the raffinate, making the process less convenient 
from the economic point of view. This “S” shape is characteristic of weak extractants or poor 
control of the pH in the aqueous feed when the extractants are pH dependent (e.g. acidic 
extractants). This kind of extractant, for example, requires careful control of the pH to operate 
properly. The pH can directly influence the loading capacity of the extractant and therefore can 
also affect the isotherm. The O/A phase ratio chosen determines the operating line, increasing this 
ratio results in a decrease of the slope which reduces the number of theoretical stages required to 
obtain a given concentration in the raffinate.142 
The majority of the knowledge concerning the separation of rare earths at large scale is developed 
and kept at industrial level. However, there is some information available concerning the design 
procedures for mixer-settlers, involving the importance of studying parameters such as specific 
gravity, viscosity, composition of the phases, interfacial tension and rate of 
coalescence.134,135,143,144 Studies on the separation behavior of solvent extraction system changing 
the phase compositions and agitation times after completion of the mass transfer process have 
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been presented. Parameters affecting the dispersity of the phases and the coalescence (agitation, 
type of impeller, physicochemical properties of the system, etc) have been studied 
experimentally.145 Also, information about the dispersion characteristics in the mixer and settler 
characteristics can be found in literature.146 Most of the studies that have been published based on 
the separation of rare earths with conventional extractants, for instance models have been 
developed to predict the operating conditions, control and performance on the separation of rare 
earths (Nd, Pr and Ce) in a 30-stage countercurrent cascade using D2EHPA.147 A design 
consisting of a mixer with double mixing chambers in series and a settler have been tested for the 
separation of rare earths with PC88A in kerosene.148 In chapter 5, an example for the separation 
of rare earths from deep eutectic solvents using conventional extractants diluted in toluene in a 
mixer-settler will be presented. 
 
1.4  Total-reflection X-ray fluorescence (TXRF) 
 
Different analytical techniques have been used for a long time for the determination of REE in 
diverse samples. The most common techniques used in the determination of REE are inductively 
coupled plasma mass spectrometry (ICP-MS), inductively coupled plasma optical emission 
spectroscopy (ICP-OES), X-ray fluorescence (XRF) and neutral activation analysis (NAA). 
Different reviews covering the advantages and disadvantages of the different techniques 
employed for the determination of trace elements depending on the type of sample, as well as 
sample preparation and digestion have been published recently.149-154 Fig. 1.13 shows an 
overview of the most common techniques that are employed for the quantification of REE 
depending on the nature of the sample.  
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Fig. 1.13. Frequency of use of specific analytical techniques for REE determination.154 
From Fig. 1.13, it can be seen that techniques such as ICP-OES and ICP-MS are mainly 
employed in the quantification of REE for most of the applications. Despite of this, TXRF seems 
to be a promising alternative since it offers different advantages over other spectroscopic and 
spectrometric techniques. For instance, low sample amount requirement, no need of constructing 
a calibration curve before each analysis because the quantification is done by internal 
standardization, fast sample preparation, low cost related to the measurement and liquids, 
suspensions and solids can usually be analyzed without pretreatment. 
TXRF was introduced in 1971 by Yoneda and Horiuchi and it has been further developed and 
implemented by Aiginger and Wobrauschek, Knoth and Schwenkes and Klockenkämper and von 
Bohlen.155-157 The principle of TXRF is based on the generation of an X-ray emission when an 
inner shell electron is ejected from an atom when it is impacted by a high energy X-ray photon. 
After the ejection, higher energy electrons drop to lower atomic orbitals in a series of quantum-
permitted relaxations and emitting secondary X-rays of characteristic energies. The emitted X-ray 
photons constitute the X-ray fluorescence atomic spectrum that contains certain number of lines 
characteristic of the element (Fig. 1.14).158   
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Fig 1.14. Principle of the XRF159 
In TXRF, the sample carrier is inclined under an angle of 0.1° with respect to the direction of the 
incident X-ray beam. This results in the total reflection of the X-ray beam on the surface of the 
sample carrier, which leads to a high decrease in the background since almost no X-rays are 
penetrating into the sample carrier. The sample is irradiated twice by both the incident and the 
totally reflected X-rays, which results in an increased excitation probability of the sample 
elements. Furthermore, the detector is very close to the sample, which allows the collection of a 
large amount of the fluorescence radiation from the sample, increasing the signal-to-noise ratio 
and the sensitivity.160,161 One important feature of the TXRF technique is that standing waves are 
formed on the surface under the total external reflection of X-rays, which promotes the effective 
excitation of X-ray fluorescence in the sample under study. Because of the interference of the 
incident and the reflected X-ray beams in a triangular zone above the reflector surface, the 
formation of standing waves with nodes and antinodes located parallel to this surface takes place 
(Fig. 1.15) The intensity at nodes is zero, and that at antinodes amounts to a fourfold intensity 
value of the incident beam. Unwanted effects can occur if the standard is not distributed 
homogeneously through the sample, the effect is even more critical if the standard is in a node 
and the analyte at the antinode or viceversa.160,162 
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Fig 1.15. Schematic illustration of a standing-wave field above the surface caused by the 
interference between the incident and the totally reflected X-rays. Adapted from Klockenkämper 
et. al.163 
The basic design of a TXRF instrument is shown in Fig. 1.16. The primary beam is generated by 
a fine-focus X ray tube with a fixed anode. It consists of a spiral filament acting as the cathode 
and a water-cooled block of copper as the anode. The filament is  made of tungsten and the 
copper block is plated with the actual anode material: gold, tungsten, silver, molybdenum, 
copper, cobalt, iron or chromium.157 In order to increase certain peaks in relation to the spectral 
continuum, thin metal foils can be placed in front of the X-ray tube. These foils work as filters 
and reduce a particular spectral peak or an entire energy band. The beam then passes through a 
set of aligned slits and is shaped like a strip of paper. Then the polychromatic beam is deflected 
by a first reflector that alters the primary spectrum. Afterwards, the primary beam hits the sample 
carrier and the fluorescence intensity of the sample is recorded by an energy-dispersive solid-state 
detector mounted perpendicularly to the carrier to obtain spectrum with a minimum scattered 
background. To avoid further the scattering background, the sample is prepared as a thin film on 
an optically flat quartz sample holder, on which the exciting beam is totally reflected. The 
distance to the sample can be reduced to less than 3 mm in order to collect a large amount of the 
fluorescence ration of the sample.156,157,160,164 
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Fig 1.16. Optical pathway in a TXRF equipment.157 
TXRF can be applied to the analysis of a wide variety of sample materials in environmental, 
geological, biological, medical, pharmaceutical, industrial and forensic applications. These 
samples include water, body fluids, oils, greases, soils, minerals, pigments, tissue samples, food 
and plants. TXRF is a universal an economic method for multi-element analysis, which is suitable 
for cases in which there is not so much sample available. One of the advantages over methods 
such as ICP-OES is that the sample preparation is simpler and faster. Compared to ICP-MS the 
detection of TXRF may be inferior but it is good enough for many applications. A major 
drawback is that there are restrictions for the measurement of low-Z elements and limitations for 
the measurement of transition elements and samples with complex matrix content. The 
parameters affecting the preparation and measurement of the aqueous samples will be discussed 
in Chapter 6. 
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Chapter 2. Objectives  
	
In the previous chapter, TXRF was highlighted as a potential tool for the rapid and reliable 
quantification of rare earths in both aqueous phases. The objective is to develop guidelines for the 
correct measurement of metal ions in aqueous solutions and contribute to the understanding of 
the parameters that can affect the accuracy and precision of the measurement. 
 
In chapter 1 it was emphasized the necessity of recycling of end-of-life NdFeB permanent 
magnets. The separation of rare earths into individual elements is of importance because it gives 
more flexibility to the fabricants in case they want to produce recycled NdFeB permanent 
magnets with different properties for diverse applications.  
 
The main objective of this work is to develop environmentally friendly and innovative solvent 
extraction processes for the recovery of individual rare earths and other valuable metals such as 
cobalt using ionic liquid technology. The separation of rare earths has been always considered a 
challenge. The first goal is to separate the main components of a typical NdFeB magnet (Fe, Co, 
Nd and Dy) through a process combining selective leaching and solvent extraction based on an 
easily available ionic liquid. The objective is to study and optimize the different variables that 
can affect the separation of rare earths from transition metals and the rare earths into individual 
elements and find ways to recycle the ionic liquid. Solvent extraction processes involving ionic 
liquids at room temperature and highly concentrated feeds are usually facing issues with the high 
viscosity of ionic liquids. Therefore, another objective of this work is to find a way to lower the 
viscosity of the ionic liquid phase without sacrificing its efficiency as an extractant. 
 
The development of new systems that can be scaled up for the separation of rare earths is also a 
challenge. A process based on the extraction of rare earths from deep-eutectic solvents using an 
ionic liquid and typical extractants diluted in toluene is designed. One of the aims is to test the 
feasibility of carrying out this process at larger scale using a set-up of small mixer settlers.  
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Chapter 3. Practical guidelines for best practice on total reflection 
X-ray fluorescence spectroscopy: analysis of aqueous solutions 
 
 
 
ABSTRACT-Despite the fact that Total Reflection X-ray fluorescence (TXRF) is becoming 
more and more popular as a quantification technique in analytical chemistry due to its simplicity 
and robustness, there are still some key aspects related to the sample preparation that need to be 
improved. In this work, the effect of different parameters is investigated: measurement time, 
carrier position, sample volume and sample drying time. The measurement time and the sample 
volume on the carriers mainly affect the recovery rate (RR) and relative standard deviation (RSD) 
of the quantified metal from aqueous solutions. The most important parameters that play a 
fundamental role in the calibration of a TXRF machine such as choice of the standard element 
and concentration ratio between the analyte and the standard are discussed. Practical and easy 
guidelines for the correct preparation of aqueous samples are presented. These can be used by 
both less and more experienced TXRF users, interested in measuring metal ion concentrations in 
aqueous samples. 
 
Based on the published paper 
Sofía Riaño, Mercedes Regadío, Koen Binnemans and Tom Vander Hoogerstraete 
 “Practical guidelines for best practice on total reflection X-ray fluorescence spectroscopy: 
analysis of aqueous solutions”.  
Spectrochimica Acta Part B: Atomic Spectroscopy, 2016, 124, 109-115. 
Author contributions  
S.R. performed the experimental work treated the data and wrote the article. 
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3.1 Introduction 
Total Reflection X-ray Fluorescence (TXRF) is an often used analytical technique for metal 
quantification in liquids, solids, wafers and biological samples.1-14 Despite being amply 
referenced for the analysis of wafers, only recently benchtop TXRF spectrometers became 
commercially available and more competitive with techniques such as inductively coupled 
plasma optical emission spectroscopy (ICP-OES), inductively coupled plasma optical mass 
spectrometry (ICP-MS) or atomic absorption spectroscopy (AAS).15-20 This technique is very 
similar to Energy Dispersive X-ray Fluorescence (EDXRF).7,21 However, the relative position of 
the incident beam to the sample carrier is significantly different. In TXRF, the sample carrier is 
inclined under an angle of 0.1° with respect to the direction of the incident X-ray beam. This 
results in the total reflection of the X-ray beam on the surface of the sample carrier.21,22 This total 
reflection of the X-ray beam has three main advantages: (1) the background signal is significantly 
reduced as almost no X-rays are penetrating into and exciting the sample carrier. The set-up 
geometry reduces the background and the detection limit by a factor of at least 103 depending on 
the element in comparison with EDXRF setups; (2) The sample on the carrier is excited by both 
the incident and the reflected beam, which results in an increased excitation probability of the 
sample elements, and (3) the carrier is placed very close to the detector (≈ 0.5 mm) which makes 
it able to collect a large amount of the fluorescence radiation of the sample.7 In this way, the 
signal-to-noise ratio is low and concentrations into the ppb range can be measured. 
The TXRF technique has several advantages over atomic absorption spectroscopy (AAS), 
instrumental neutron activation analysis (INAA) and techniques based on inductive coupled 
plasma (ICP-MS, ICP-OES). In TXRF, only a small amount of sample and chemicals are 
required for sample analysis, the sample preparation procedure is faster and the cost related to the 
measurements is much lower. Furthermore, different metals can be quantified in one single 
measurement and calibration curves are not compulsory for each measurement because element 
quantification can be performed by using an internal standard.7,23-25 
Despite its advantages, TXRF is not commonly used yet as a replacement for ICP methods or 
AAS.26 This is probably due to its more recent development,27,28 the lack of standardization 
procedures (i.e. standardization by ISO, ASTM, or DIN has just started being developed),23,29-31 
and the influence of the sample preparation procedure on the accuracy and precision of the 
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data.4,32,33 In other techniques, the way and position in which the sample is entering the 
measurement unit is fixed and automated. In the case of TXRF measurements, the operator 
influences more directly the size, morphology and thickness of the sample and its position 
relative to the detector and the X-ray beam, aspects which can significantly influence the results. 
Although several reviews, books and articles about TXRF have been published,6,21-23,26-28,33-37 
there is a lack of fundamental, simple guidelines and standard procedures for new TXRF users 
who would like to apply the TXRF technique for measuring on liquid samples.7,21,27 To date, our 
lab is using on a routine basis three TXRF machines (Picofox S2, Bruker) to quantify elemental 
concentration in up to 500 liquid samples every week. In this paper, a series of experiments are 
reported indicating that the sample preparation procedure is a key aspect on TXRF analysis. This 
chapter does not focus on the technique itself, but on the practical side of performing TXRF 
measurements. The following questions are considered: (1) What is the influence of measuring 
time, sample position and the hard and software on the measurements? (2) How can highly 
reproducible data be obtained and what can be considered as the best sample preparation 
procedure? (3) How should the calibration of the machine be performed and when is it needed to 
be careful while processing results based on internal calibration? (4) How to clean sample 
carriers and what kind of impurities can be expected even after a proper cleaning procedure? 
 
3.2 Experimental 
3.2.1 Materials and methods 
The 1000 ± 10 mg L–1 praseodymium, neodymium and gallium (Pr, Nd and Ga) standards 
solutions were all obtained from Merck (Overijse, Belgium). A silicone solution in isopropanol 
was obtained from SERVA Electrophoresis GmbH (Heidelberg, Germany). All TXRF 
measurements were performed with a benchtop total reflection X-ray fluorescence (TXRF) 
spectrometer (Picofox S2, Bruker) operating with a molybdenum X-ray source at 50 kV. 
Reusable quartz sample carriers (4 × 30 mm) were employed for all measurements. The 
optimized sample preparation was the following: Firstly, the sample carriers were pretreated with 
30 µL of silicone in isopropanol at room temperature and dried for 20 min in a hot air oven at 60 
°C. This procedure was followed to make the surface hydrophobic and avoid spreading of the 
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aqueous sample on the carrier. Secondly, 5 µL of the sample was added onto the carrier at room 
temperature and dried at 60 °C in a hot air oven for 30 min. The gain correction was performed 
before each series of measurements. Samples were measured for 200 s unless reported otherwise. 
All volumes were controlled gravimetrically by weighing. Spectra were analyzed with the Bruker 
Spectra Picofox V 7.5.3.0 software. Corrections were made for the escape peak, for pile ups and 
the background was corrected by a maximum of 1000 stripping cycles with a step width of 50. 
Samples were diluted with MilliQ water. Two identical TXRF machines (referred to in this study 
as TXRF1 and TXRF2) were tested to exclude effects specific to one of the machines and to 
validate, when necessary, the general conclusions for this type of machines. 
The influence of the measuring time was studied by pipetting 5 µL of a solution containing 100 
mg L–1 Ga and 100 mg L–1 of Nd on a sample carrier. The carrier was measured for different 
times, without any other manipulation, and the relative standard deviation (RSD) was calculated 
based on three measurements at the specific time interval. This experiment was performed once 
on TXRF1 and twice on TXRF2. 
The position of the sample carrier with respect to the X-ray beam was studied by pipetting 5 µL 
of a solution containing 100 mg L–1 Ga and 100 mg L–1 Nd onto six different carriers. Each 
sample was measured six times for 200 s without removing it from the measurement position and 
another six times with removal from the machine in between measurements. In another 
experiment, three sample carriers prepared with 5 µL of the former solution were measured under 
different positions relative to the X-ray beam. After each measurement of 200 s, the three 
different samples were rotated 60° and re-measured.  
The influence of the drying time of the silicone in isopropanol, added on the sample carrier 
before addition of the sample, was studied by adding 30 µL of this solution on the sample carriers 
and drying it for different times at room temperature. After the specific drying time, 3 µL of a 
solution containing 100 mg L–1 Ga and 100 mg L–1 Nd was added onto the carrier and dried for 
30 min in an oven at 60 °C. For the optimization of the sample amount, the sample carriers were 
pretreated with 30 µL of silicone solution and dried for 20 min in the oven at 60 °C. Afterwards, 
they were cooled to room temperature, and 1, 3 or 5 µL of a solution containing 100 mg L-–1 Ga 
and 100 mg L–1 Nd was added, the carriers were dried for 20 min at 60 °C in a hot air oven. Nine 
series of ten measurements were performed. The influence of the sample drying time was studied 
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on three different carriers containing a sample of 100 mg L–1 Ga and 100 mg L–1 Nd, the carriers 
were pretreated using the optimized procedure. The three samples were first measured when it 
was observed that all the water was evaporated from the sample. Afterwards, the sample was 
dried again for 5, 10, 15, 30, 45 and 60 min and measured immediately after each drying period.  
The RSD values at tn are calculated based on the concentration values found in tn-1, tn and tn+1.  
The optimized sample procedure was tested by three different operators on six different days. The 
average count ratio of all measurements between Ga and Nd was used as the calibration factor. 
The non-linearity of the calibration factor was studied by preparing 12 different solutions 
containing all 100 mg L–1 Ga and different concentrations of Pr ranging between 1 and 900 mg L–
1. The sample carriers were pretreated as described above, and measured for 300 s. The 12 
solutions were diluted a 10 fold and measured again for 3000 s to study the influence of possible 
matrix effects. 
 
3.2.2 Formulas 
The relative standard deviation (RSD) was calculated based on the following equation: 
𝑅𝑆𝐷 % =  (!!!!)!!!!!!!!! ×100                          (3.1) 
Where 𝑥 is the average concentration, 𝑥! the calculated concentration for measurement i and N 
the number of measurements.  
The recovery rate (RR) is defined as: 
 
𝑅𝑅 % = !"#$%&"' !"#!$#%&'%("#!"#$%&$' !"#!$#%&'%("# × 100   (3.2) 
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3.3 Results and discussion 
3.3.1 Parameter studies and optimization 
All experiments were performed with Ga and the lanthanides Pr and Nd. Ga is often used as an 
internal standard in TXRF measurements because it is rarely found in aqueous samples. 
Lanthanides were chosen over more conventional and typically analyzed first row transition 
metals because the latter ones can be found in natural waters (Fe, Cu, Zn) or are sometimes 
difficult to remove from the sample carriers during the cleaning procedure (Fe, Zn). Both 
situations can influence the measurements, especially when working at low concentrations. 
The measurement time has a relevant influence on the RSDs of the TXRF measurements (Fig. 
3.1). A 5 µL sample of 100 mg L–1 Ga and 100 mg L–1 Nd was measured during different times. 
The RSD was calculated based on three measurements at each measurement time. All measuring 
times longer than 15 s gave RSDs smaller than 1%. All proceeding measurements were therefore 
performed for 200 s or longer in order to minimize the influence of the measuring time on the 
relative standard deviations. Note that the RSD values are directly depending on the number of 
counts rather than the measuring time. However, the use of counts rather than time is rarely done 
for TXRF machines requiring high sample throughput because of the uncertainty in effective 
measuring time and sample throughput. 
After each measurement, the sample is removed mechanically from the measuring position by an 
automated gripper that rolls the sample carrier back into the sample holder. The relative position 
of the sample to the detector was therefore slightly different when the gripper placed the carrier 
back into the measuring position. Such rotation did not occur in the previously performed 
measurements. Therefore, the influence of such a rotation on the measurement was evaluated as 
described in the experimental section. The difference in RSD between removing and not 
removing the sample from the measurement position is very small (Table 3.1). Moreover, the 
RSD values are in the range found for the time experiments. 
 
57	
 
1 10 100 1000
0
1
2
3
4
 TXRF1
 TXRF2 series 1
 TXRF2 series 2
R
SD
 (%
)
Measurement time (s)  
Fig. 3.1. Influence of the measurement time on the relative standard deviation (RSD) of the Nd 
concentration. (■): Experiments performed on TXRF1, (●) and (▲): experiments performed on 
TXRF2 in two different days. The RSD values are calculated based on a triplicate. 5 µL of a 
solution containing 100 mg L–1 Ga and 100 mg L–1 Nd standard was sampled on a TXRF carrier 
giving an average count rate of 8500 counts per second. 
 
Table 3.1. Relative standard deviation (RSD) made on the measurement of six sample carriers 
sampled with 5 µL of 100 mg L–1 Ga and 100 mg L–1 of Nd that were measured with and without 
removal from the measurement position (position change). 
 
Carrier 
Without position change With position change 
RSD (%) RSD (%) 
1 0.20 0.65 
2 0.22 0.25 
3 0.16 0.39 
4 0.79 0.15 
5 0.13 0.08 
6 0.18 0.24 
AVERAGE 0.28 0.29 
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The next investigated parameter was the position of the sample carrier chosen by the operator. 
There are an infinite number of possible positions in which the sample carrier can be placed in 
the measuring position. The orientation of the sample relative to the ingoing and outgoing beam 
could also influence the results. Following the standard procedure, 5 µL of a solution containing 
100 mg L–1 Ga and 100 mg L–1 Nd was disposed on a quartz sample carrier and measured for 200 
s. After the measurement, the sample was rotated in the sample holder by 60°. This procedure 
was done in triplicate and repeated six times until the three carriers were back in their initial 
position. The RSDs on these measurements were 0.27, 0.30 and 0.52%. These values are slightly 
higher than the average RSD values reported in Table 3.1. However, it can be seen in Fig. 3.1 that 
such RSD values can be expected even without changing the position of the sample. Therefore, 
random errors introduced by the sample position are negligible in comparison with the effect of 
the measuring time. 
Pipettes may cause random errors during the sample preparation procedure as well, but such 
errors are often smaller than 0.6%. Systematic errors are avoided by using the same pipette and 
an internal standard. It is important to mention that errors made by pipetting were avoided in this 
work by performing most of the experiments from one single mixed metal ion stock solution and 
by controlling and correcting the volumes gravimetrically. Next, the sample preparation method 
was optimized in which (1) the amount, drying time and temperature of silicone in isopropanol 
were studied as well as (2) the amount, drying time and temperature of the sample on the 
siliconized carrier. In contrast to poly(methyl methacrylate) (PMMA), quartz glass is not 
hydrophobic, but can be made hydrophobic by treating it with a silicone solution. From 
experience, we know that the volume of silicone in isopropanol solution, covering the whole 
TXRF carrier needs to be at least 30 µL at room temperature. Addition of the silicone solution to 
a carrier at higher temperature results often in migration of the solution to one side of the carrier 
and an inhomogeneous spreading of the silicone solution over the carrier. This can cause a 
movement of the sample droplet over the carrier resulting in significant errors in the 
measurement.38  
Volumes smaller than 30 µL but at room temperature are also spread out inhomogeneously over 
the carrier, especially in the case of older sample carriers, which could have some scratches on 
their surface. The drying time of the silicone solution in isopropanol at 60 °C was varied between 
59	
 
30 and 240 min. Each data point represents the RSD on 10 sample carriers prepared at different 
moments with 3 µL of a solution containing 100 mg L–1 Ga and 100 mg L–1 Nd (Fig. 3.2). There 
is a slight decrease in the RSDs when the silicone solution in isopropanol was dried for a longer 
time, however, all RSDs remained below 2% and therefore, the drying time of the silicone in 
isopropanol at 60 °C does not have a significant effect on the reproducibility and accuracy of the 
measurements. 
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Fig. 3.2. Relative standard deviation (RSD) on the measurement of 10 sample carriers containing 
3 µL of a solution with 100 mg L–1 Ga and 100 mg L–1 Nd as function of the drying time of 
silicone in isopropanol. Drying at 60 °C with a measurement time of 333 s. 
Next, the amount of sample on the sample carrier was investigated. An aliquot of 1, 3 or 5 µL of 
a solution containing 100 mg L–1 Ga and 100 mg L–1 Nd was added on a carrier pretreated with 
silicone in isopropanol. Three series of 10 samples carriers with 1, 3 or 5 µL of sample were 
prepared at different moments. To keep the number of counts approximately constant, the 
measurement time was increased when decreasing the sample volume, thus, sample volumes of 1 
µL were measured during 1000 s, sample volumes of 3 µL during 333 s and sample volumes of 5 
µL during 200 s. As it can be seen in Fig. 3.3, there is a general trend of decreasing RSD values 
while decreasing the amount of sample. At lower volumes the droplet has less chance to move on 
the carrier and it remains in the center.  
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Fig. 3.3. Influence of the sample volume pipetted on the carrier on the RSD values for the 
recovery of Nd. 5 times 10 sample carriers sampled with different volumes of a solution 
containing 100 mg L–1 Ga and 100 mg L–1 Nd were measured at each volume. 
The drying time of the sample was studied as well. Therefore, a triplicate of sample carriers 
containing 5 µL of a solution with 100 mg L–1 Ga and 100 mg L–1 Nd was prepared. The samples 
were measured when it was seen that all water had been removed from the sample by drying it in 
the oven (t = 0 min). After the measurement, the sample was placed again into the oven for a 
specific time interval and measured again. This sequence was followed after 5, 10, 15, 30, 45, 60 
and 960 min. It was shown before that the effect of the software, counting statistic and the sample 
position gave RSD values around 0.3% (Table 3.1, Fig. 3.1 and the discussions). The RSD values 
given in Fig. 3.4 at time tn are calculated based on the concentration values found in tn-1, tn and 
tn+1. RSD values are in most cases significantly higher. This is probably more an effect of re-
drying rather than an effect of drying time. After each drying procedure at 60 °C, the dried 
sample is cooled down to room temperature. As most samples contain mainly hygroscopic salts, 
they can take up water from the air and even become (partly) liquid. A re-drying process can 
cause recrystallization processes which mainly occur at places already enriched in this specific 
element, causing a non-uniformity across the sample affecting the accuracy of a quantitative 
analysis. The evaporation behavior of different kinds of droplets and studies on their morphology 
and homogeneity once dried have been studied and reported elsewhere.7,39-41 In TXRF, the 
superposition or interference between the incoming and reflected beams at small grazing 
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incidence angles can cause X-ray standing waves above and below the substrates. The effect of 
these standing waves is usually not taken into account since two assumptions are made: first, the 
lateral inhomogeneity of the X-ray standing wave field is averaged in the measured signal and 
second, that both sample and standard are homogeneously distributed.42-44 However, if irregular 
aggregates of analyte or standard are present at different points of the sample, the interference 
between the incoming and reflected waves cannot occur, destroying the X-ray wave field and 
therefore, affecting the intensity of the detected fluorescence.42,45 Other possibilities could be the 
loss of material during sample preparation (although significant decreases in count rates are not 
observed) or decreased matrix effects by further reducing the amount of (crystal) water when 
drying for longer period. Even significant higher RSD values and recovery rates are observed 
when drying the silicone solution in isopropanol at 60 °C for only 2 min and obtaining a sample 
residue covering a larger surface area on the carrier.  
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Fig. 3.4. Influence of the sample drying time on the RSD values of 3 samples containing 100 mg 
L–1 Ga and 100 mg L–1 Nd. The RSD values shown at time tn are calculated based on the 
concentration values found in tn-1, tn and tn+1. Note that the X-axis is plotted on a logarithmic 
scale. 
The most important parameters influencing the standard deviations on TXRF measurements were 
investigated for samples containing 100 mg L–1 Ga and 100 mg L–1 Nd. The next step was to test 
if other operators could find the same results (%RR and RSD) when following the same 
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procedure. Table 3.2 gives an overview of six series of 10 measurements performed on different 
days and by different operators. The results show a very high accuracy and reproducibility of all 
measurements. 
Table 3.2. Recovery rates and RSD values on 6 series of 10 measurements with 1 µL solution 
containing 100 mg L–1 Ga and 100 mg L–1 Nd measured by three different operators at six 
different days. 
Day Operator RR (%) RSD (%) 
1 A 101.8 1.4 
2 A 102.2 0.7 
3 B 101.2 0.8 
4 B 101.4 1.4 
5 C 99.9 1.3 
6 C 101.5 1.14 
 
3.3.2 Calibration curves 
So far, only solutions having equal Nd and Ga mass concentrations (100 mg L–1) have been 
measured. Such conditions are rarely faced when measuring real samples with elements present 
in unknown concentrations. A straightforward and correct calibration method for TXRF 
measurements with an internal standard is of high importance. Ideally, the calibration is valid for 
a wide range of concentrations relative to the internal standard that is used. The calibration factor 
gives the ratio of the detected X-ray fluorescence intensity from an internal standard element 
relative to the element of interest at equal concentrations. In order to check the linearity of this 
calibration factor, a series of 12 calibration solutions containing 100 mg L–1 Ga and different 
amounts of Pr ranging from 1 to 900 mg L–1 were prepared (Fig. 3.5). All data were normalized 
to the recovery rate found for 100 mg L–1 Ga and 100 mg L–1 Pr. 
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Fig. 3.5. Pr recovery rate (%) as function of the mass ratio Pr/Ga in the solution. Red = 100 mg 
L–1 Ga, Black = the red solutions 10 times diluted (10 mg L–1 Ga). Each data point was measured 
in triplicate. Note that the X-axis is plotted on a logarithmic scale. Error bars represent the 
standard deviation. 
In Fig. 3.5, the red dots represent the results obtained with the more concentrated solutions. There 
is a Pr concentration overestimation at Pr concentrations that are relatively low compared to Ga 
and an underestimation of the Pr concentration at Pr concentrations that are relatively high 
compared to Ga. This non linearity in counts and recovery rate is remarkable as one of the 
fundamental assumptions of TXRF is that the number of counts of an element is proportional to 
its concentration. Moreover, these results suggest that TXRF measurements need to be performed 
in a very narrow, calibrated concentration range and that quite often large errors are made when 
using a single internal standard for quantifying multi-element solutions containing metals present 
in different concentrations. The graph can be split into three regions when considering the 
standard deviations. The standard deviation is high on the left hand side of the graph which is due 
to the lower detected x-ray fluorescence intensity resulting in a lower signal to noise ratio and a 
larger uncertainty on the peak intensity. On the right hand side, the concentrations are relatively 
high and matrix effects start to play a role. Therefore, the standard deviations are again higher. 
The standard deviation is low at medium concentrations (around a Pr/Ga mass ratio of 1 and with 
a gallium concentration of 100 mg L–1). Afterwards, the 12 solutions were diluted a tenfold (to a 
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Ga concentration of 10 mg L–1) to prove that this non-linearity is not caused by the fact that 
relative large metal concentrations are used. The measuring time was increased from 300 s to 
3000 s in order to get a similar detected X-ray fluorescence intensity for the elements of interest. 
The black curve in Fig. 3.5 shows a similar trend although the recovery rates are closer to 100% 
at higher Pr concentrations. 
This non-linearity when using Ga as internal standard was also observed with other rare earths 
and transition metals. Nd and Pr are two lanthanides having L-lines with very close energies. The 
effect on the recovery rates, as shown in Fig. 3.6, is very similar suggesting that, when measuring 
Nd, Pr should be a better internal standard, canceling out the effect that causes the non-linearity 
shown in Fig. 3.5. Therefore, a similar experiment was carried out in which the Pr concentration 
was kept at 100 mg L–1 and the Nd concentration was varied. Fig. 3.6 shows that indeed, the 
recovery rates and standard deviations are much better than in the case of Pr/Ga, however, at low 
Pr/Nd ratios, the peaks of Pr are overlapping more the peaks of Nd making difficult to distinguish 
them, resulting in lower recovery rates for Pr. 
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Fig. 3.6. Pr recovery rate (%) as function of the mass ratio Nd/Pr in solution. Pr concentration: 
100 mg L–1, each data point was measured in triplicate. Note that the X-axis is plotted on a 
logarithmic scale. Error bars represent the standard deviation. 
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Therefore, to get accurate and precise data, the calibration of the elements is performed by 
measuring 10 times a mixture of the element of interest and gallium as internal standard at equal 
concentrations (100 mg L–1). Often, the calibration of the TXRF machines is carried out by 
making groups of four or five metals for which the X-rays are not overlapping and with 
concentrations of 50 mg L–1 to avoid matrix effects. In the case of single-element solutions is 
strongly suggested to re-measure a solution if the element of interest is less than half or more 
than double of the concentration of the internal standard used and, if possible, to measure with an 
internal standard that has an X- ray fluorescence energy as close as possible to the element of 
interest. For multi-element solutions with extremely different concentrations, it is recommended 
to evaluate the best conditions for the measurements in terms of the choice of the internal 
standard element and its concentration. 
 
3.3.3 Carrier, blank problems and detector contamination 
One of the most sensitive and expensive parts of a TXRF machine is the detector. Depending on 
the nature of the detector, problems due to corrosion can be faced when exposed to corrosive 
gases. The center of the detector shown in Fig. 3.7 is damaged and the surroundings suggest that 
volatile species escape from the matrix and condense on the detector assembly. First of all, 
improper drying of the sample can conduce to samples that still contain significant amounts of 
acid like HNO3 (which comes from the internal standards used). During the measurement, it is 
possible that part of the remaining acid evaporates and condenses on the detector. However, it is 
very unlikely that still significant amounts of HNO3 evaporate at room temperature after a drying 
procedure of 30 min at 60 °C. It is more likely that high chloride salt matrices are causing the 
corrosion. Samples with (high) chloride matrices (e.g. NaCl, NH4Cl, CaCl2, etc) need special 
attention since these hygroscopic salts can take up water from the air when standing in the sample 
holder, waiting to be measured. Metal salts present in the sample can hydrolyze and release 
highly volatile HCl gas that condenses on the detector. A way to change from a chloride to a 
nitrate matrix is adding a small quantity (e.g. 0.005 mL) of 68 wt% HNO3 acid onto the residue 
that remains after drying.  The removal of chloride from a 1.1 M solution of CaCl2 was tested. By 
drying the chloride solution again in combination with HNO3 in a hot air oven at elevated 
temperatures, chloride ions are oxidized by the nitrate ions and the chlorine gas that is formed 
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escapes from the sample before mounting the carrier into the TXRF machine, the chloride 
recovery rate was 0.005%. 
 
Fig. 3.7. Contamination and corrosion of the detector window. 
The expensive quartz sample carriers can be cleaned after usage. However, it is sometimes 
difficult to get a clean spectrum and often contaminations are observed, especially when 
measuring into the low ppm or ppb range. Also old TXRF carriers often have metal impurities 
left in scratches on the carrier surface. Apart from the known elemental peaks of molybdenum 
(source), argon (air) and silicon (in case of a quartz carrier), other impurities that can frequently 
be observed in the spectrum are calcium, zinc, iron, lead and other elements depending on the 
type of samples analyzed. When the cleaning of the carriers is not performed properly, stable 
oxides of these elements can be formed which are difficult to be removed, and which interfere 
with the analysis. For these reasons, it is recommended to use the following cleaning procedure: 
(1) cleaning with water and a lint-free cleaning tissue to remove salts, (2) cleaning with acetone 
and a lint-free cleaning tissue to remove silicone or organic material from the carrier, (3) loading 
the washing cassette with the pre-cleaned sample carriers, placing the cassette inside a covered 
beaker and heating it with a 3 wt% HCl solution during half an hour to remove metals and 
especially Fe(III) and Pb(II), (4) rinsing the sample carriers with distilled water and heating the 
cassette with RBS 50 pF during half an hour to dissolve the silicone on the carrier, (5) rinsing the 
sample carriers with distilled water and heating with HNO3 during two hours to remove the 
remaining metal impurities, (6) rinsing with MilliQ water, (7) rinsing with acetone, (8) drying the 
sample carriers in the cassette at 60 °C during half an hour, (9) placing 30 µL of silicone solution 
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onto the sample carrier and drying them during half an hour at 60 °C, and finally (10) measuring 
each sample carrier during 200 s to check their cleanness. 
3.4 Conclusions 
To illustrate the relevance of sample preparation in the detection and quantification of aqueous 
metal ion solutions by TXRF, different important parameters such as choice of standard, sample 
volume, drying time, measurement time and the calibration have been studied and discussed. As 
a result, optimal conditions needed for the correct measurement of metal ion solutions by TXRF 
were found and practical and simple guidelines were formulated which can improve the quality, 
reliability and accuracy of the measurements. For example, better results are obtained when the 
internal standard and the analyte have closer X-ray line energies, which is in contrast with the 
common practice to use gallium as the only internal standard. The concentration ratio of the 
standard should be close to the one of the analyte in the sample in order to assure good recovery 
rates. The quality of the analysis can be improved, for instance, by using smaller sample volumes 
in order to avoid movement of the droplet on the carrier. Further experiments are being carried 
out to address complex matrix effects (e.g. ionic liquids, high salt content) which will be 
addressed in a future research project. 
 
3.5 References 
1. E. K. Towett, K. D. Shepherd and G. Cadisch, Sci. Total. Environ., 2013, 463-464, 374-388. 
2. T. Vander Hoogerstraete, S. Jamar, S. Wellens and K. Binnemans, Anal. Chem., 2014, 86, 
1391-1394. 
3. T. Vander Hoogerstraete, S. Jamar, S. Wellens and K. Binnemans, Anal. Chem., 2014, 86, 
3931-3938. 
4. S. Pahlke, L. Fabry, L. Kotz, C. Mantler and T. Ehmann, Spectrochim. Acta B, 2001, 56, 2261-
2274. 
5. F. R. Espinoza-Quiñones, A. N. Módenes, S. M. Palácio, N. Szymanski, R. A. Welter, M. A. 
Rizzutto, C. E. Borba and A. D. Kroumov, Appl. Radiat. Isot., 2010, 68, 2202-2207. 
6. M. Mages, S. Woelfl, M. Óvári and W. v. Tümpling jun, Spectrochim. Acta B, 2003, 58, 2129-
2138. 
68	
 
7. R. v. B. Klockenkämper, A., Total-Reflection X-Ray Fluorescence Analysis and Related 
Methods, John Wiley & Sons, New Jersey, 2015. 
8. R. Sitko, P. Janik, B. Zawisza, E. Talik, E. Margui and I. Queralt, Anal. Chem., 2015, 87, 
3535-3542. 
9. M. Menzel and U. E. A. Fittschen, Anal. Chem., 2014, 86, 3053-3059. 
10. R. Fernández-Ruiz, M. J. Redrejo, E. J. Friedrich, M. Ramos and T. Fernández, Anal. Chem., 
2014, 86, 7383-7390. 
11. S. Kunimura and J. Kawai, Anal. Chem., 2007, 79, 2593-2595. 
12. V. S. Hatzistavros and N. G. Kallithrakas-Kontos, Anal. Chem., 2011, 83, 3386-3391. 
13. C. Neumann and P. Eichinger, Spectrochim. Acta B, 1991, 46, 1369-1377. 
14. M. L. Carvalho, T. Magalhães, M. Becker and A. von Bohlen, Spectrochim. Acta B, 2007, 62, 
1004-1011. 
15. L. Borgese, F. Bilo, K. Tsuji, R. Fernández-Ruiz, E. Margui, C. Streli, G. Pepponi, H. 
Stosnach, T. Yamada, P. Vandenabeele, D. M. Maina, M. Gatari, K. D. Shepherd, E. K. Towett, 
L. Bennun, G. Custo, C. Vasquez and L. E. Depero, Spectrochim. Acta B, 2014, 101, 6-14. 
16. L. Borgese, F. Bilo, R. Dalipi, E. Bontempi and L. E. Depero, Spectrochim. Acta B, 2015, 
113, 1-15. 
17. H. Stosnach, Spectrochim. Acta B, 2006, 61, 1141-1145. 
18. R. Dalipi, E. Marguí, L. Borgese, F. Bilo and L. E. Depero, Spectrochim. Acta B, 2016, 120, 
37-43. 
19. H. Stosnach, Analyt. Sci, 2005, 21, 873-876. 
20. E. Marguí, J. C. Tapias, A. Casas, M. Hidalgo and I. Queralt, Chemosphere, 2010, 80, 263-
270. 
21. P. Wobrauschek, X-Ray Spectrom., 2007, 36, 289-300. 
22. H. Aiginger, Spectrochim. Acta B, 1991, 46, 1313-1321. 
23. R. Klockenkämper and A. von Bohlen, Spectrochim. Acta B, 2014, 99, 133-137. 
24. I. De La Calle, N. Cabaleiro, V. Romero, I. Lavilla and C. Bendicho, Spectrochim. Acta B, 
2013, 90, 23-54. 
25. N. H. Bings, A. Bogaerts and J. A. C. Broekaert, Anal. Chem., 2010, 82, 4653-4681. 
26. R. Klockenkämper, Spectrochim. Acta, Part B, 2006, 61, 1082-1090. 
27. Y. Yoneda and T. Horiuchi, Rev. Sci. Instrum., 1971, 42, 169-170. 
69	
 
28. P. Wobrauschek and H. Aiginger, Anal. Chem., 1975, 47, 852-855. 
29. ISO18507, Surface chemical analysis. Use of Total Reflection X-ray Fluorescence 
spectroscopy in biological and environmental analysis, 2015. 
30. ISO14706, Surface chemical analysis - Determination of surface elemental contamination on 
silicon wafers by total-reflection X-ray fluorescence (TXRF) spectroscopy, 2014. 
31. ISO17331, Surface chemical analysis. Chemical methods for the collection of elements from 
the surface of silicon-wafer working reference materials and their determination by total-
reflection X-ray fluorescence (TXRF) spectroscopy, 2004. 
32. G. H. Floor, I. Queralt, M. Hidalgo and E. Marguí, Spectrochim. Acta B, 2015, 111, 30-37. 
33. A. Prange, U. Reus, H. Schwenke and J. Knoth, Spectrochim. Acta B, 1999, 54, 1505-1511. 
34. M. Schmeling, in Reference Module in Chemistry, Molecular Sciences and Chemical 
Engineering, Elsevier, 2013. 
35. N. V. Alov, Inorg. Mater., 2011, 47, 1487-1499. 
36. D. Hampai, S. B. Dabagov, C. Polese, A. Liedl and G. Cappuccio, Spectrochim. Acta B, 
2014, 101, 114-117. 
37. R. Klockenkàmper, J. Knoth, A. Prange and H. Schwenke, Anal. Chem., 1992, 64, 1115A-
1123A. 
38. Y. Tabuchi and K. Tsuji, X-Ray Spectrom., 2016, DOI: 10.1002/xrs.2688. 
39. M. Menzel, O. Scharf, S. H. Nowak, M. Radtke, U. Reinholz, P. Hischenhuber, G. Buzanich, 
A. Meyer, V. Lopez, K. McIntosh, C. Streli, G. J. Havrilla and U. E. Adriane Fittschen, J. Anal. 
At. Spectrom., 2015, 30, 2184-2193. 
40. J. K. Park, J. Ryu, B. C. Koo, S. Lee and K. H. Kang, Soft Matter, 2012, 8, 11889-11896. 
41. A. Marin, R. Liepelt, M. Rossi and C. J. Kahler, Soft Matter, 2016, 12, 1593-1600. 
42. D. K. G. de Boer, Spectrochim. Acta B, 1991, 46, 1433-1436. 
43. M. Kramer, A. von Bohlen, C. Sternemann, M. Paulus and R. Hergenröder, Appl. Surf. Sci., 
2007, 253, 3533-3542. 
44. M. Kramer, A. von Bohlen, C. Sternemann, M. Paulus and R. Hergenroder, J. Anal. At. 
Spectrom., 2006, 21, 1136-1142. 
45. D. R. Kramer M., Holz Th., Weiflbach D., Falkenberg G., Simon R., Fittschen U., Krugmann 
T., Kolbe M., Muller M., Beckhoff B. , Adv. X Ray. Anal, 2011, 54, 209-304. 
 
70	
 
 
 
 
71	
 
Chapter 4. Extraction and separation of neodymium and 
dysprosium from used NdFeB magnets: an application of ionic 
liquids in solvent extraction towards the recycling of magnets 
 
ABSTRACT-A procedure for the efficient extraction and separation of rare earths and other 
valuable elements from used NdFeB permanent magnets is presented. In a first step, an iron free 
leachate is prepared from a used magnet using nitric acid. Cobalt is separated through a liquid-
liquid extraction in aqueous nitrate media using as organic phase the ionic liquid 
trihexyl(tetradecyl)phosphonium nitrate which is easily prepared from the commercially available 
ionic liquid trihexyl(tetradecyl)phosphonium chloride (Cyphos® IL 101). Afterwards 
neodymium and dysprosium are successfully separated using ethylenediaminetetraacetic acid 
(EDTA) as a selective complexing agent during liquid-liquid extraction with the same ionic 
liquid. Different parameters of the separation process such as shaking speed, time, temperature, 
pH effect and concentration of complexing agents were optimized. The designed process allowed 
the separation of these three elements efficiently in few steps. The separated rare earths and 
cobalt were precipitated with oxalic acid and then calcined in order to form the oxides. Nd2O3, 
Dy2O3 and CoO were obtained with purities of 99.6%, 99.8% and 99.8%, respectively. Recycling 
of the employed ionic liquid for reuse in rare earths separation was also demonstrated.  
 
Based on the published paper 
Sofia Riano and Koen Binnemans 
 “Extraction and separation of neodymium and dysprosium from used NdFeB magnets: an 
application of ionic liquids in solvent extraction towards the recycling of magnets”.  
Green Chemistry, 2015, 17, 2931-2942. 
Author contributions  
S.R. performed the experimental work, data analysis and wrote the article.  
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4.1 Introduction 
 
Recycling of REEs is of importance from an economic, industrial and environmental point of 
view. For instance, the mining, transportation, processing and waste disposal of REEs have very 
serious environmental and occupational risks,1 besides consequences on the surrounding 
ecosystems and human health.2 Indeed, most of the rare-earth deposits contain harmful 
radioactive elements (e.g. thorium and uranium).1 Moreover, in 2010, the European Commission 
published a list of critical raw materials at the EU level,3 where valuable elements such as 
neodymium, dysprosium (both critical at short and middle term) and cobalt (not critical at short 
nor at middle term) can be found. 
The range of REE applications has changed over time with the design and creation of new 
devices and processes requiring REEs.4 Rare-earth oxides are of high importance because they 
cover a wide range of applications, they are employed in the glass industry (glass components 
and surface polishing agents), in lamp phosphors, high-power lasers, photographic industry and 
as catalysts.5 Neodymium has been used since several decades as a colorant for glass, in welding 
goggles and more recently also in laser crystals.4 Presently, neodymium is mostly employed in 
the manufacturing of permanent magnets that are used in electric motors, wind turbines and 
spindles for computer hard drives.4 Dysprosium, another REE, is currently employed as an 
additive to NdFeB permanent magnets to improve their high temperature performance and to 
increase its intrinsic coercivity.6 Furthermore, dysprosium is being applied in the nuclear industry 
as component for radiation shielding,4 while dysprosium-doped phosphors are employed as 
radiation detectors in clinical and environmental monitoring of ionizing radiation.7 Additionally, 
some NdFeB magnets contain small but considerable quantities of cobalt since it is added to the 
NdFeB magnets to increase the Curie temperature of the magnet.8 Cobalt itself is a valuable and 
highly demanded element due to its multiple applications in the fields of super-alloys, catalysts, 
pigments and batteries.9 
In contrast to the increasing REE demand, the supply of such materials is currently experiencing 
a shortage. Therefore different strategies such as, reopening of old REE mines or substitutions of 
critical elements have been proposed to solve this issue.10-12 Alternatively, recycling of REE can 
be an interesting and efficient option to overcome this situation, while reducing the impact of the 
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balance problem and environmental issues related to mining. Indeed, through REE recycling,13 
small but representative quantities of REEs that are minor constituents in the ores but that are at 
the same time high in demand by the market (e.g. dysprosium), can be efficiently obtained. 
Therefore, the recovery of neodymium and dysprosium from end-of-life NdFeB magnets 
containing considerable amounts of these elements becomes a relevant issue at industrial level.14 
The most employed methods for the separation of REEs use organic solvents which due to their 
toxicity, volatility and flammability have led to the implementation of ionic liquids in an 
environmentally friendlier approach.15 
Ionic liquids (ILs) are organic salts which consist entirely of ions and with a melting point that is 
generally lower than 100 °C.16-18 Some of the most interesting properties of the ILs are their 
chemical and thermal stability, high ionic conductivity and wide electrochemical potential 
window. Due to their negligible vapor pressure and low flammability, ionic liquids have been 
usually labeled as “green solvents”.19,20 As the application of ionic liquids in different fields 
continuously grows, information related to their environmental, health and safety impact can 
already be found in the literature.16,21,22 
Ionic liquids are often called “designer solvents”, because their cation and anion can be chosen in 
order to obtain an ionic liquid with specific properties that fulfill the requirements needed for a 
given process.23 For example, in the liquid-liquid extraction process proposed herein, 
hydrophobic and low viscous ionic liquids are needed. Additionally, it is important that the metal 
complex that is going to be extracted has a higher solubility into the ionic liquid than in the 
aqueous phase. Some of the most studied ionic liquid based extraction systems contain 
fluorinated anions such as hexafluorophosphate (PF6–) or bis(trifluoromethylsulfonyl)imide 
(Tf2N–) that allow the obtention of hydrophobic and low viscous ionic liquids.24-27 However, 
ionic liquids containing these anions are usually expensive and hexafluorophosphate ions can 
undergo hydrolysis conducing to the formation of hydrofluoric acid.28 Besides this, the extraction 
of charged metal ions in fluorinated ionic liquids often occurs through an ion-exchange 
mechanism that conduces to the partially loss of the ionic liquid by dissolution of the cation into 
the aqueous phase.29 For this reason, ionic liquids with hydrophobic cations containing long alkyl 
chains are now selected which permits the use of less expensive and more available anions. 
Alternatives are the phosphonium based ionic liquids, which are good candidates for their use in 
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liquid-liquid extractions due to their high hydrophobicity, variety and availability. Moreover, 
phosphonium ionic liquids are able to extract anionic complexes, instead of only metal ions. As a 
consequence, phosphonium ionic liquids have been applied for industrial applications and a range 
of phosphonium ionic liquids are commercially available on a large scale.30,31  
In this chapter, an ionic liquid was employed for the separation and recovery of rare earths from 
an end-of-life NdFeB magnet. We present a new, practical, efficient and environmentally friendly 
methodology to separate neodymium(III), dysprosium(III) and cobalt(II) by solvent extraction 
using an undiluted non-fluorinated ionic liquid. The separation methods were optimized 
considering the main involved variables (e.g. loading of the organic phase, pH, shaking rate, 
extraction time, temperature and complexing agent concentration). Since the master alloys 
needed for the production of magnets are based on the respective rare-earth oxides, the separated 
and recovered rare earths were precipitated as their respective oxalates and then calcined to 
obtain the oxides. The loading capacity of the ionic liquid was determined and thus the 
stoichiometry of the extracted complex close to its saturation. Moreover, the recycling of the 
employed ionic liquid was also demonstrated. 
 
4.2 Experimental 
4.2.1 Materials and methods 
Trihexyl(tetradecyl)phosphonium chloride (>97%, Cyphos® IL 101) was purchased from IoLiTec 
(Heilbronn, Germany). Nd(NO3)3·6H2O (99%) was obtained from Alfa Aesar (Karlsruhe 
Germany), Dy(NO3)3·6H2O (99%), Co(NO3)2·6H2O (99%) and Na2EDTA (99%) were purchased 
from Acros Organics (Geel, Belgium),  KNO3 (99%) and NH4NO3 (99%) from Chempur 
(Karlsruhe, Germany), HNO3 (65%), HCl (37%), NaOH (99%) and H2C2O4 (99%) from J.T 
Baker, the silicone solution in isopropanol was obtained from SERVA Electrophoresis GmbH 
(Heidelberg, Germany) and the gallium standard (1000 mg L–1) was purchased from Merck 
(Overijse, Belgium). All chemicals were used as received, without further purification. The 
concentrations of the rare earths in both the aqueous and the organic phase were determined by 
using a bench top total reflection X-ray fluorescence (TXRF) spectrometer (S2 Picofox, Bruker). 
The extraction experiments were performed in 4 mL vials and using a temperature controllable 
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Turbo Thermo Shaker (Model: TMS-200, Hangzhou Allsheng Instrument Co. Ltd., China). After 
the extraction, scrubbing or stripping experiments were carried out at specific conditions for each 
process. The aqueous and the organic phases were separated after extraction by centrifugation 
using a Heraeus Megafuge 1.0 centrifuge. Then, part of the aqueous phase was removed and 
mixed with a gallium standard solution and MilliQ water until a total volume of 1 mL was 
obtained. For the organic phase (ionic liquid), the gallium standard was added to a small amount 
of the ionic liquid phase (15-20 mg) and was further diluted with ethanol until 1 mL. The quartz 
glass sample carriers were treated with 20 µL of a silicone solution in isopropanol in order to 
make the surface hydrophobic and obtain a concentrated drop of the aqueous phase on the center 
of the disk. Then the sample carriers were dried for 3 min in a hot air oven at 60 °C and 5 µL of 
the sample were disposed on the glass carrier. The prepared samples were dried simultaneously 
during 30 min. The metal concentrations were measured for 200 s. All the pH measurements 
were performed using an S220 Seven Compact pH/Ion meter (Mettler-Toledo) and a Slimtrode 
(Hamilton) electrode. The viscosity of the ionic liquid and ionic liquid phases was measured 
using an automatic Brookfield plate cone viscometer (Model LVDV-II+P CP, Brookfield 
Engineering Laboratories, USA). Densities were measured with a 5 mL pycnometer. A Mettler-
Toledo DL39 coulometric Karl Fischer titrator was used with Hydranal® AG reagent to determine 
the water content of the synthesized ionic liquid. 1H NMR spectra were recorded in CDCl3 on a 
Bruker Avance 300 spectrometer, operating at 300 MHz. Chemical shifts are expressed in parts 
per million (ppm), referenced to tetramethylsilane. The spectra were analyzed with SpinWorks 
software. FTIR spectra were recorded on a Bruker Vertex 70 spectrometer (Bruker Optics) 
equipped with a Bruker Platinum ATR accessory. The X-ray diffraction powder pattern was 
recorded at room temperature with a Siefert 3003 T/T X-ray diffractometer equipped with a 
scintillation detector. X-ray type: Cu Kα operating at 40 kV and 40 mA, scanning range: 10-80 
degrees (2θ), step width: 0.02 degree, step scan: 2.00 s. Analysis result was progressed by “X'pert 
HighScore Plus” PANalytical software.  
 
4.2.2 Synthesis of trihexyl(tetradecyl)phosphonium nitrate 
Trihexyl(tetradecyl)phosphonium nitrate was synthesized by equilibrating 93.199 g (0.179 mol) 
of trihexyl(tetradecyl)phosphonium chloride with 100 mL of a 2 M potassium nitrate solution 
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during five hours. The aqueous phase was removed and the organic phase was stirred again for 
five additional hours with 100 mL more of the same potassium nitrate solution in order to reduce 
the chloride impurities. Afterwards, the two phases were allowed to separate. The aqueous phase 
was removed and the organic phase was washed several times with MilliQ water and dried. The 
ionic liquid obtained was a colorless liquid (94.9%, 94.920 g, 0.1738 mol. 1H NMR (300 MHz, 
CDCl3, δ/ppm): 2.28 (m, 8H, 4× CH2), 1.50 (m, 18H, 9× CH2), 1.32 (s, 12H, 6× CH2), 1.25 (m, 
18H, 9× CH2), 0.89 (s, 12H, 4× CH3). The chloride concentration was measured by TXRF and it 
was found to be below 100 ppm.32 Water content: 0.02 wt%, viscosity: 1437 cP (22 °C), density: 
0.9132 g cm–3 at 22 °C Water saturated ionic liquid: Water content: 3.45 wt%, viscosity 260 cP 
(22 °C), density: 0.9140 g cm–3 (22 °C). 
4.2.3 Selective leaching and direct magnet dissolution 
For the direct magnet powder dissolution and the selective leaching from roasted magnets the 
procedure reported by Vander Hoogerstraete et al.,33 was followed. A magnet, obtained from the 
University of Birmingham, UK, and whose composition is shown in Table 4.1 was employed. 
Table 4.1. Composition of the employed magnet (wt%). 
Element 
Content 
(wt%) 
Element 
Content 
(wt%) 
Fe 
Nd 
Co 
Dy 
B 
Nb 
O 
Al 
58.16 
25.95 
4.22 
4.21 
1.00 
0.83 
0.41 
0.34 
Pr 
C 
Si 
Mn 
Cu 
Ni 
N 
0.34 
0.07 
0.06 
0.05 
0.04 
0.02 
0.02 
Total 95.72 
 
4.2.3.1 Magnet dissolution 
Briefly, 15 g of crushed magnet (particle size < 400 µm) was put into a vial and covered with 15 
mL of MilliQ water. Afterwards, 7 mL of concentrated HNO3 (65 wt%) was carefully and slowly 
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added; the formation of nitrogen oxides (NOx) was observed. The vial was closed with a 
screwcap and heated at 80 °C during 72 h. After this time, the solution was centrifuged during 10 
min at 3000 rpm. The aqueous phase was removed and its metal content was measured by TXRF. 
An orange solution with a pH = 0.41 was obtained. In order to remove the iron that was still 
present in solution, 1 mL of hydrogen peroxide (35 vol%) was added and the solution was heated 
at 40 °C for 1 h in order to oxidize the remaining iron(II). A small volume of this solution was 
poured into a vial that contained 2 mL of MilliQ water and a stirring bar. The pH was monitored 
with a pH electrode. The initial pH was 0.67. Slowly, under stirring, drop by drop a solution of 
NaOH 1 M was added to the center of the sample until a pH of 4 was reached. The sample and 
the solution of NaOH 1 M were gradually added to the vial trying to keep the pH all the time 
between 3.5 and 4. Afterwards, the sample was stirred for another hour, left to settle during one 
hour and then it was easily filtered. The resulted solution was pale pink. The metal content was 
measured by TXRF and no iron could be detected. The precipitate was filtered and analyzed 
quantitatively by TXRF in order to determine the rare-earth elements that might have been co-
precipitated into the precipitate. 
4.2.3.2 Selective leaching 
The roasting was performed by placing a powder sample (< 400 µm) of the magnet into a 
porcelain crucible and by heating to 950 °C during 15 h. A sample of the fully roasted powder 
(15 g) was put into a vial together with 5 mL of HNO3 (65 wt%) and 10 mL of MilliQ water. A 
stirring bar was added, the vial was closed with a screwcap and it was stirred for 72 h at 80 °C or 
during one month at 23 °C. Afterwards, the product was centrifuged for 10 min at 3000 rpm and 
the aqueous phase was removed and its metal content was measured by TXRF. With this 
procedure, a very intense pink colored solution of pH = 2.43 was obtained. No iron was detected 
in this solution. The percentage extraction in the leachate (%EL) is defined as: 
 
%EL=
Amount of metal in the leachate
Total amount of metal in the leachate and precipitate
×100                          (4.1) 
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4.2.4 Solvent extraction 
As the volume of leachate obtained was not enough to carry out all the optimization experiments, 
a synthetic solution mimicking the concentrations obtained in the selective leaching of rare-earth 
elements from the roasted NdFeB magnet was prepared. Neodymium(III) nitrate hexahydrate, 
dysprosium(III) nitrate hexahydrate and cobalt(II) nitrate hexahydrate were dissolved in MilliQ 
water and acidified with HNO3 6.5 wt% to pH = 2.0. The final concentrations of these solutions 
were: 248.54 g L–1 of Nd(III), 21.41 g L–1 of Dy(III) and 4.37 g L–1 of Co(II). To optimize the 
extraction procedure, the efficiency of the extraction was evaluated in terms of different 
parameters, such as temperature, concentration of ammonium nitrate, extraction time, effect of 
the pH, scrubbing agent, selective stripping agent, stirring rate and concentration of EDTA in the 
case of the separation of neodymium and dysprosium. Only one parameter was varied at the time 
while keeping the other variables constant. 
 
4.2.4.1 Determination of the efficiency of the extraction 
The concentration of Co(II), Nd(III) and Dy(III) distributed between the organic and the aqueous 
phases was measured using TXRF. The distribution ratio (D) is defined as follows: 
𝐷 = ! !"#! !" = ! !! ! !"! !" × !!"!!"#                    (4.2) 
where [M]i is the initial metal ion concentration in the aqueous phase. [M]aq is the metal ion 
concentration in the aqueous phase after the extraction, and Vorg and Vaq are the volumes of the 
organic and aqueous phases, respectively. In these experiments, equal volumes of organic and 
aqueous phases have been employed, thus the equation (4.2) can be simplified to: 
𝐷 = ! !! ! !"! !"                                             (4.3) 
For poorly extracted metals, the metal concentration in the organic phase was measured and the 
distribution ratio (D) can be expressed as: 
𝐷 = ! !"#! !! ! !"#× !!"!!"#                                   (4.4) 
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The percentage extraction (%E) is defined as the amount of metal ion extracted to the organic 
phase over the initial amount of metal ion in case of equal volumes and can be expressed as: 
%𝐸 = ! !! ! !"! ! ×100                                 (4.5) 
The efficiency of the separation of two metals can be described with the separation factor α, in 
which DM1 and DM2 correspond to the distribution ratios D of metal M1 and M2, respectively: 𝛼!!!! = !!!!!!                                                (4.6) 
For the scrubbing experiments, the percentage recovery (%S) can be defined as the amount of 
metal scrubbed from the organic phase to the total amount of metal in the organic phase before 
scrubbing. 
%𝑆 = !!" ! !"!!"# ! !"#$×100                               (4.7) 
where [M]org,i is the metal ion concentration in the organic phase after extraction or before 
stripping. This formula can be used for both scrubbing and stripping experiments. 
 
4.2.4.2 Separation of Co(II) from Nd(III) and Dy(III) 
All extraction experiments were carried out with a pH = 2 water saturated 
trihexyl(tetradecyl)phosphonium nitrate as organic phase unless stated otherwise. Extractions 
were performed at 60 °C with intensive shaking (1900 rpm) during 1 h.  10 M NH4NO3 was used 
as source of nitrate ions. After the extraction, the phases were separated by centrifugation at 5000 
rpm during 1 min and afterwards they were measured by TXRF. The ratio between the volumes 
of the organic and the aqueous phase was 1:1. 
 
4.2.4.3 Scrubbing 
The scrubbing experiments were carried out at 80 °C, during 90 min with intensive shaking (1900 
rpm). A 10 M solution of NH4NO3 was used as scrubbing agent. The ratio between the volumes 
of the organic and the aqueous phase was 1:1. After the extraction, the samples were centrifuged 
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at 5000 rpm during 1 min and the phases were separated immediately. The metal concentrations 
in both organic and aqueous phases were measured by TXRF. 
 
4.2.4.4 Purification of the separated cobalt and obtention of cobalt(II) oxide (CoO) 
In order to remove the small impurities of neodymium and dysprosium that still could have been 
present after the separation, the aqueous phase was put in contact with fresh ionic liquid and 
shaken at 60 °C, during 1 h at 1900 rpm. After the extraction, the phases were immediately 
separated. Then, a stoichiometric amount of oxalic acid in solution was added to the purified 
aqueous phase containing the separated cobalt(II). The mixture was shaken during 10 min and 
then settled during 5 min, afterwards it was centrifuged at 5000 rpm for 1 minute. The white 
precipitate obtained was filtered and washed twice with water and ethanol. Then, transferred into 
a previously tared crucible and calcined at 950 °C during 4 h to obtain the corresponding CoO. 
The purity of the obtained oxide was measured by TXRF. XRD was carried out to confirm that 
the obtained oxide corresponded to CoO. 
 
4.2.4.5 Loading 
For the loading experiments, the metal concentrations in the aqueous phases were 92.0 g L–1 of 
neodymium and 91.2 g L–1 of dysprosium. The volume of the aqueous phase was 1 mL and the 
concentration of NH4NO3 was 10 M. The amount of organic phase was varied between 0.4 and 
1.6 g for neodymium and between 0.4 and 1.8 g for dysprosium. Extractions were performed for 
1 h and 30 min at 70 °C and 1900 rpm. After the extraction, the samples were centrifuged for 1 
min at 5000 rpm and the aqueous phase was separated immediately and measured by TXRF. 
 
4.2.5 Separation of Co(II) from Nd(III) and Dy(III) 
 
4.2.5.1 Selective stripping of Dy(III) 
A synthetic solution containing only Nd(III) and Dy(III) was prepared (pH = 2). The water-
saturated ionic liquid was loaded with this solution in order to obtain the following 
concentrations in the organic phase, 58.1 g L–1 for Nd and 5.5 g L–1 for Dy. The ionic liquid was 
81	
 
loaded following the same procedure employed for the separation of Co(II) from Nd(III) and 
Dy(III). For the selective stripping of Dy(III) from the organic phase containing both Nd(III) and 
Dy(III), a solution of Na2EDTA (0.03 M) and NH4NO3 (10 M) was employed as striping agent. 
The experiments were performed at 70 °C during 1 h with vigorous shaking (1900 rpm). After 
the extraction the phases were separated by centrifugation at 5000 rpm during 1 min and both, 
organic and aqueous phases were measured by TXRF. The selective stripping with Na2EDTA 
(0.03 M) and NH4NO3 (10 M) was repeated twice in order to remove the remaining dysprosium 
and allow the obtention of pure neodymium. 
 
4.2.5.2 Precipitation stripping of neodymium and obtention of Nd2O3 
The cleaned organic phase (after the two scrubbing steps) was put in contact with 1 mL of a 
solution 76 g L–1 of oxalic acid and shaken for 10 min at 22 °C. As soon as the oxalic acid 
solution was put in contact with the ionic liquid phase the formation of a white precipitate was 
observed. After the stripping precipitation, the samples were centrifuged and the organic phase 
was carefully removed. The aqueous phase, containing the precipitate, was filtered and the solid 
was washed twice with 1 mL of water and then with 1 mL of ethanol. The solid was put into a 
previously tared crucible and then calcined at 950 °C during 4 h. A light blue powder was 
obtained and it was analyzed by TXRF and XRD. 
 
4.2.5.3 Purification of the selectively stripped Dy(III) 
The aqueous phase containing dysprosium after the selective stripping with EDTA also contains a 
considerable amount of neodymium, this is inevitable due to the high percentage of neodymium 
that is present in the magnet and the low amount of dysprosium. In order to purify this 
dysprosium, 50 µL of 16 wt% HNO3 was added to the aqueous phase and it was put in contact 
with 1 mL of fresh ionic liquid and shaken at 70 °C during 1 h at 1600 rpm. In order to achieve a 
purity of dysprosium higher than 99% this procedure had to be repeated three times. 
 
4.2.5.4 Obtention of Dy2O3 
Once the dysprosium has been purified, the aqueous phase can be treated with a stoichiometric 
amount of oxalic acid in order to precipitate dysprosium(III) oxalate and recover the supernatant 
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that contains the EDTA which can be reused in the system as stripping agent. The white 
precipitate corresponding to the dysprosium oxalate was filtered, washed with water and ethanol 
and then calcined at 950 °C during 1 h. A white powder was obtained and it corresponded to 
Dy2O3 according to XRD.  
 
4.2.5.5 Recycling of the ionic liquid 
Once the process is finished and neodymium is removed from the ionic liquid by precipitation 
stripping, the ionic liquid can be equilibrated with MilliQ water and reused in a new cycle of 
separations. If an excess of oxalic acid is employed during the precipitation stripping of 
neodymium, the ionic liquid has to be pre-treated before its reutilization. An easy and green way 
to purify the ionic liquid is to precipitate the excess of oxalic acid with calcium nitrate. 1 mL of a 
1 M solution of calcium nitrate was put in contact with the ionic liquid and shaken during 20 min 
at 70 °C and 1600 rpm. Afterwards, a white precipitate was obtained and removed after 
centrifugation. The ionic liquid was then equilibrated with water and reused again without losing 
its efficiency. 
 
4.3. Results and discussion 
4.3.1 Leaching 
Two different methods were employed in order to carry out the extraction of rare earths from 
used NdFeB magnets: leaching of pristine magnets and leaching of roasted magnets The selective 
leaching from the roasted magnet led to solutions rich in rare earths in which iron was not 
detected. Table 4.2 shows the %E obtained with the two proposed methods, where it can be seen 
that the magnet dissolution process is not as efficient and convenient as the selective leaching 
starting from the roasted magnet.  
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Table 4.2. Percentages extraction in the leachate (%EL) of the different metals from the 
dissolution of the non-roasted magnet and the selective leaching of the roasted magnet. 
Process 
Temperature 
(°C) 
Time 
%E 
Fe(III) 
%E 
Co(II) 
%E 
Nd(III) 
%E 
Dy(III) 
Selective leaching from 
the roasted magnet 
 
80.0 15 h n.d.a 14.6 83.3 78.3 
22.5 2 weeks n.d.a 3.72 47.5 42.2 
22.5 
1 ½ 
month 
n.d.a 12.7 85.5 77.9 
Dissolution of the non-
roasted magnet 
80.0 15 h 23.1 20.7 37.7 21.0 
22.5 2 weeks 6.8 4.9 19.9 14.7 
a Not detected 
The standard reduction potential for iron(III) is more positive than for iron(II),34 thus during the 
dissolution of the magnet alloy, iron will go in solution as Fe(II). Indeed, the presence of iron(II) 
into the solution leads to the formation of NO during the dissolution process. The overall reaction 
is described as follows 
3Fe2++4H++ NO3
-   ⇌  3Fe3++ 2H2O + NO  (4.8) 
Different nitrogen oxides, besides NO can be formed during the process: NO2, N2O4, and N2O3.35 
NO2 is a reddish brown toxic gas and air pollutant. NO and NO2 are known for being ozone-
depleting substances.  
The possibility to obtain iron-free leachates from the roasted NdFeB magnets has been already 
discussed in detail by Vander Hoogerstraete et al.33 Briefly, as a result of the magnet roasting 
process, iron is present immediately as Fe(III) and will go into solution as Fe(III), then it will be 
hydrolyzed to Fe(OH)3 when the pH of the leachate rises to pH values above 2. The latter 
precipitates easily at this pH whereas the rare-earth metal ions stay in solution. In contrast, the 
dissolution of the non-roasted magnet leads to the formation of hydrated Fe2+, which is more 
difficult to hydrolyze than hydrated species of Fe3+ and thus it remains in solution with the rare-
earth metal ions. 
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The presence of iron in the leachate obtained from the non-roasted magnet represents an 
interference for the proposed extraction method with ionic liquids because it leads to the 
formation of undesired precipitates. For instance, after the extraction procedure from the solution 
obtained by dissolution of the magnet, the presence of a yellowish precipitate was observed at the 
liquid-liquid interface making it difficult to obtain two clean and separated phases. Formation of 
iron (hydr)oxide precipitates during extraction processes with ionic liquids have been previously 
reported and confirmed by TXRF analysis, this is due to acid extraction by the ionic liquid which 
conduces to an increase of the pH.29  In order to overcome this issue, it was required to 
precipitate the iron present in the solution before carrying out the liquid-liquid extraction. 
In a first approach, the iron was precipitated by the direct addition of an ammonia solution to the 
leachate obtained from the non-roasted magnet powder. This led to a brown gelatinous precipitate 
that was difficult to filtrate and manipulate. Alternatively, many different procedures for the 
precipitation of iron oxides have been described in detail.36,37 Different factors such as 
temperature, pH, the employed base and its concentration, stirring rate, precipitation and ageing 
times play a key role in the obtention of easily filterable precipitates. The solution was oxidized 
with hydrogen peroxide and taken to a final pH of 4 with NaOH. The precipitate formed was then 
removed by filtration and the resulted pink diluted solution was employed for the extraction of 
rare-earth ions with positive results as no precipitate was observed between the phases. Synthetic 
iron oxides are of importance because they have a wide range of applications in industry, as 
pigments, catalysts, sensors and biomedicine, among others.36 Thus, it is useful to identify the 
iron oxide phases present in the obtained precipitate. The precipitated iron was analyzed by XRD, 
founding that it consisted of amorphous goethite (α-FeOOH) and probably iron hydroxide. 
It is well known that iron(III) oxyhydroxides have large surface areas and can be effective 
scavengers of metal ions and oxyanions.37-39 For this reason, the rare earths that may have been 
adsorbed onto the precipitate were quantified. The loss of rare earths and cobalt during the 
precipitation of iron from the dissolution of the non-roasted magnet was equal to 1.5% for Nd, 
1.9% for Dy and 1.2% for Co. Even though these are not critical losses, the precipitation of iron 
by the slow addition of 1 M NaOH requires large volumes of NaOH, and as a consequence 
dilutes the sample to concentrations that are not of interest for this study. 
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Taking into account that the oxides of the magnet alloy are less reactive than the magnet powder, 
it is easier, safer and environmentally friendlier to carry out the selective leaching of roasted 
magnets rather than the dissolution process with nitric acid. Even though the selective leaching 
procedure from roasted magnets can be energy consuming (72 h at 80 °C or 1 month and a half 
week at 22.5 °C), it allows the production of iron-free leachates rich in rare earths that can be 
directly employed in a solvent extraction process without the need of adding extra steps for the 
separation of iron by solvent extraction or by precipitation prior the separation of rare earth 
elements into individual elements. Therefore, iron-free leachates obtained from roasted magnet 
powder were used for testing the optimized separation system in Co(II), Nd(III) and Dy(III) 
separation.  
4.3.2 Separation of Co(II) from Nd(III) and Dy(III) 
The effect of different variables such as, feed solution concentration, ammonium nitrate 
concentration, extraction time, shaking speed, pH and time, were optimized by the “one variable 
at a time” method. This optimization was carried out with solutions that mimicked the 
concentration of rare-earth ions in the obtained iron-free leachates. The first parameter studied 
was the effect of the concentration of the feed solution. Fig. 4.1 shows the variation of the 
extraction percentage with respect to the dilution of the initial concentrated feed of Co(II), 
Nd(III) and Dy(III). At very high concentrations (as the obtained leachate) and where no dilution 
was carried out, the efficiency of the extraction is relatively low, 80.5% for Nd(III) and 76.4% for 
Dy(III). When the synthetic solution is diluted with MilliQ water (dilution factor of two), the 
extraction efficiency increases (i.e. 96.9% and 94.6% for Nd(III) and Dy(III), respectively, αNd/Co: 
590, αDy/Co: 500). However, as for industrial applications it is more interesting to work with 
concentrated feed solutions rather than diluted ones, the synthetic solution was diluted only twice 
for the rest of the optimization experiments even though more diluted solutions presented higher 
rare-earth extraction percentages. 
It is important to notice that when using low feed solution concentrations, the percentage 
extraction of cobalt into the ionic liquid increases. The latter occurs when the ionic liquid is not 
saturated with rare-earths ions and part of the cobalt can be solubilized in the water-saturated 
ionic liquid. Still the small percentage of cobalt that can be solubilized into the ionic liquid can be 
removed afterwards during the scrubbing step. 
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Fig. 4.1. Percentage extraction (%E) of cobalt (▲), neodymium (■) and dysprosium (○) as a 
function of the total concentration of cobalt(II), neodymium(III) and dysprosium(III) together  in 
the aqueous phase. Conditions of extraction: NH4NO3 8 M, equilibrium pH = 2, 1900 rpm, 60 
min, 60 °C. 
The separation of Co(II) from Nd(III) and Dy(III) was also performed at different temperatures, 
ranging from 40 °C to 80 °C, to determine the influence of the temperature on the extraction 
process (Fig. 4.2). Higher temperatures provided better extraction percentages for Nd(III) and 
Dy(III) as they shift the equilibrium of endothermic reactions to the right. On the other hand, high 
temperatures decrease the viscosity of the ionic liquid and facilitate the transfer of rare earth 
complexes into the organic phase. A value of 70 °C was chosen as optimal. 
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Fig. 4.2. Variation of the percentage extraction (%E) of cobalt (▲), neodymium (■) and 
dysprosium (○) as a function of the temperature. Conditions of extraction: Equilibrium pH = 2, 
1900 rpm, 60 min, concentration of NH4NO3 8 M. 
Furthermore, the ammonium nitrate concentration was evaluated for concentrations up to 10 M 
(Fig. 4.3). As expected, a higher amount of complexing agent led to a higher extraction 
percentage for both Nd(III) and Dy(III). The addition of concentrated NH4NO3 not only has a 
positive effect on the extraction percentage of the rare earth metals, but also avoids the formation 
of emulsions after the vigorous shaking during the extraction. An optimum value of 10 M 
NH4NO3 was chosen to carry out the further optimization experiments. Larger concentrations of 
NH4NO3 could not be obtained because it was not possible to solubilize the salt.  
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Fig. 4.3. Variation of the percentage extraction (%E) of cobalt (▲), neodymium (■) and 
dysprosium (○) as a function of the concentration of ammonium nitrate. Conditions of extraction: 
Equilibrium pH = 2, 1900 rpm, 60 min, 70 °C. 
For the study of the pH effect on the extraction percentage of Nd(III) and Dy(III), different pH 
values between 0.25 and 6 were evaluated. The pH did not have a significant effect in the 
percentage extraction. However, it is important to remark that at pH values higher than 5.8, the 
rare earths were precipitated and therefore could not be separated and extracted. The influence of 
the extraction time was evaluated in the range of 10 to 120 min. The results show that by 
increasing the extraction time from 0 to 40 min, the percentage of extraction is considerably 
increased (Fig. 4.4). However, since only after an extraction time of 60 min equilibrium was 
reached, a time of 60 min was kept as optimal value. 
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Fig. 4.4. Effect of the extraction time on the percentage extraction (%E) of cobalt (▲), 
neodymium (■) and dysprosium (○). Conditions of extraction: Equilibrium pH = 2, 1900 rpm, 70 
°C. NH4NO3 10 M. 
In general, an increase in the shaking speed generates an improvement in the extraction rate of a 
process that involves mass transport features. The effect of the shaking speed was evaluated in 
the range of 0 to 2400 rpm. The extraction percentage becomes higher as the stirring speed 
increases. Still without mechanical shaking at high temperatures (70 °C), the ionic liquid can get 
dispersed into the aqueous phase favoring the diffusive processes and mass transport through the 
phases and thus relatively high percentages of extraction can be obtained. A shaking speed of 
1600 rpm was chosen as the optimum value for this extraction process since at higher speeds no 
improvement of the extraction percentage was observed. 
The viscosity of the water-saturated trihexyl(tetradecyl)phosphonium nitrate ionic liquid is 260 
cP (at 22 °C), whereas the viscosity of the dried ionic liquid is 1440 cP (at 22 °C). Fig. 4.5 shows 
the variation of the water-saturated ionic liquid viscosity as a function of the metal loading at two 
different temperatures. It can be observed how the temperature has a dramatic effect on the 
viscosity of the ionic liquid. In this system, the viscosity can be decreased in almost a factor of 10 
even at high metal loadings (109.2 g L–1), while increasing the temperature to 70 °C. This 
highlights the importance of working not only with water-saturated ionic liquids, but also at high 
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temperatures in order to decrease the viscosity of the ionic liquid without the need of adding 
molecular solvents. 
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Fig. 4.5. Viscosity of the water-saturated ionic liquid trihexyl(tetradecyl)phosphonium nitrate as 
a function of the total metal loading (Nd(III) and Dy(III)) at 23 °C (■) and at 70 °C (○). 
The principle of separation between Nd(III), Dy(III) and Co(II) is based on the fact that the 
trivalent rare-earth ions can form anionic complexes with bidentate nitrate ligands. Even though 
anionic complexes of cobalt with the above mentioned ligands can also be formed in organic 
solvents,40 these are more labile to experience water exchange and form the more stable pink 
hexaaqua complex.41 For this reason, negative charged complexes formed between the rare earths 
and the nitrate ions can be extracted into the ionic liquid. The general extraction mechanism for 
lanthanide extraction can be written as:   
Ln3++3NO3
-+n 𝑃!!!"# 𝑁𝑂! → 𝐿𝑛 𝑁𝑂! !!! 𝑃!!!"# !                     (4.9) 
The maximum metal loading experiments (Fig. 4.6) were carried out for the individual elements. 
The concentration of Nd(III) and Dy(III) was kept constant and the amount of ionic liquid was 
increased. When the number of ionic liquid equivalents in the separation system is less than two, 
the molar ratio of the ionic liquid over the number of moles of neodymium or dysprosium 
extracted in the ionic liquid phase remained almost constant at a value of two. This means that 
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the anionic nitrate complexes of Nd(III) and Dy(III) are extracted formed by two molecules of 
ionic liquid at maximum loadings, as indicated in equations 4.10 and 4.11.  
Nd(NO3)3+2 P66614 [NO3]→ P66614 2[Nd(NO3)5]                            (4.10) 
 
Dy(NO3)3+2 P66614 [NO3]→ P66614 2[Dy(NO3)5]                              (4.11) 
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Fig. 4.6. The number of moles of IL over the number of moles of extracted metal (n(IL)/n(Morg)) 
as a function of the number of ionic liquid equivalents added, at constant initial metal 
concentrations of neodymium, 1900 rpm, 120 min, 70 °C. Symbols: neodymium (■), dysprosium 
(○). 
As it can be seen in Fig. 4.4, a low percentage of cobalt(II) is still extracted into the ionic liquid 
together with Nd(III) and Dy(III). Thus, the implementation and optimization of a scrubbing step 
for the removal of the remaining cobalt is necessary. The following parameters have been 
optimized for the scrubbing step: shaking speed, concentration of ammonium nitrate, scrubbing 
time and pH effect. The effect of the NH4NO3 concentration in the scrubbing step is shown in 
Fig. 4.7. An increase in the concentration of the salting-out agent generates higher back-
extraction percentages of the remaining Co(II) present in the organic phase. These percentages of 
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extraction remained almost constant when the NH4NO3 concentration was varied between 7 and 
10 M. However, when using high concentrations of NH4NO3 less Dy(III) and Nd(III) were back-
extracted. For this reason, all further scrubbing experiments were carried out using 1 mL of a 10 
M NH4NO3 solution. Under optimum conditions, Nd(III) and Dy(III) were only back-extracted in 
extraction percentages of 0.38% and 0.35%, respectively.  
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Fig. 4.7. Percentage scrubbing of cobalt(▲), neodymium(■) and dysprosium(○), during the 
scrubbing step as a function of the concentration of ammonium nitrate. 120 min, 70 °C, 1600 
rpm. 
Moreover, the purity of the cobalt extract can be further increased by putting the scrubbing 
aqueous solution containing Co(II) in contact with fresh ionic liquid. Thus a complete removal of 
Nd(III) and Dy(III) can be achieved. As shown in Fig. 4.8, longer times are required to achieve 
the total removal of Co(II) from the ionic liquid. This can be explained due to the fact that the 
viscosity of the ionic liquid loaded with big amounts of Nd(III) and Dy(III) is higher than for the 
free ionic liquid. Higher temperatures can also be employed, in order to reduce scrubbing times. 
However, this is not convenient for the scaling up of the process because it would be ideal to 
have all the extractors working at the same temperature (e.g. for simplicity and to avoid losses of 
heat due to fluctuations in the temperature). A time of 90 min was chosen as the optimum value 
for the removal of Co(II) from the organic phase.  
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Fig. 4.8. Percentage scrubbing of cobalt(▲), neodymium(■) and dysprosium(○) from the ionic 
liquid during the scrubbing as a function of the scrubbing time. 70 °C, 1600 rpm. NH4NO3 10 M. 
As it was previously described in the experimental section, the separated and purified cobalt was 
recovered by precipitation with oxalic acid and posterior calcination to the corresponding CoO, 
as it was corroborated by XRD. The purity of the obtained oxide, measured by TXRF was 99.8%, 
with a yield of 99.4% and Nd as the main impurity. 
 
4.3.3 Separation of Nd(III) and Dy(III) 
After having separated and purified cobalt from the magnet leachate, the selective separation 
between the remaining Dy(III) and Nd(III) has to be performed. With this aim, one can take 
advantage of the difference in the stability constant that Dy(III) and Nd(III) have for the 
formation of complexes with EDTA (i.e. logarithms of stability constants: 18.0 for Dy(III) and 
16.2 for Nd(III)).42 Indeed, as the affinity of Dy(III) for the EDTA is slightly higher than for 
Nd(III) this can be used to carry out the stripping of Dy(III) from the organic phase. Chelation 
with EDTA has been employed for the extraction and separation of rare earths through other 
different methods.15,43-45 To explore this possibility, the concentration of EDTA (dissolved as the 
disodium salt) was varied between 0 and 0.1 M (based on the stoichiometric amount of Dy(III) 
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present in the ionic liquid), while keeping the concentration of NH4NO3 constant at 10 M. The 
presence of NH4NO3 avoided the back-extraction of the Nd(III) into the aqueous phase. As 
depicted in Fig. 4.9, Dy(III) can be selectively stripped from the organic phase at an EDTA 
concentration of 0.03 M (and 10 M of NH4NO3) with an efficiency of 58.9%. It is important to 
notice that only a 2.3% of Nd(III) is back-extracted during this procedure.  
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Fig. 4.9. Selective stripping percentage of neodymium (■) and dysprosium (○) as a function of 
the concentration of EDTA. NH4NO3 10 M, shaking speed: 1400 rpm, pH = 5 (initial pH in the 
aqueous phase) 60 °C. 
When only EDTA is employed in absence of NH4NO3, no selectivity is achieved for the back-
extraction of the rare earths ions. Similar results are observed when only NH4NO3 is present at 
different concentrations and no EDTA is employed.  
The temperature effect on the selective stripping of Dy(III) was also studied in the range of 50 to 
80 °C. A temperature of 70 °C was chosen since it allowed the obtention of relatively high and 
low stripping percentages for Dy(III) (79.8%) and Nd(III) (4.0%), respectively. As 70 °C is also 
the optimized temperature for the other steps, an easier temperature control can be envisaged at a 
scaled up stage. Another parameter studied for the stripping of Dy(III) was the initial pH in the 
aqueous phase, which was varied between 0.75 and 7.5. The obtained results show that the pH 
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does not have any direct effect in the selective stripping of dysprosium(III) when working with a 
pH from 2.5 to 7. Moreover, it was observed that at pH values higher than 7.5, the extraction 
could not be carried out because of the formation of a large amount of precipitate. At pH values 
lower than 2.5, no formation of precipitate was observed, but the stripping efficiency decreased 
due to the competition of H+ ions with the rare-earth metal ions for the EDTA. 
The stripping time was also evaluated within the range of 5 to 80 min. As the complexation of 
rare earths with EDTA is fast, it is only required an extraction time of 30 min to carry out this 
step efficiently (Fig. 4.10). 
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Fig. 4.10. Effect of the scrubbing time in the percentage of selective stripping of Dy(III) (○) and 
Nd(III) (■). EDTA 0.03 M, NH4NO3 10 M. Shaking speed: 1400 rpm, pH = 5 (initial pH in the 
aqueous phase), 70 °C. 
In order to remove the remaining Dy(III) present in the ionic liquid, two more selective stripping 
steps have to be performed with EDTA and NH4NO3. Once the ionic liquid only contains Nd(III), 
it can be recovered by adding an oxalic acid solution that leads to the formation of a light pink 
precipitate. Indeed, in only 8 min (at room temperature) the Nd(III) is quantitatively precipitated 
as the respective oxalate. 
2 Nd3+ + 3 H2C2O4 → Nd2(C2O4)3 + 6 H+                               (4.12) 
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It was found that a stoichiometric amount of oxalic acid is required (i.e. n(C2O42-)/n(Nd3+) = 1.5) 
to carry out an effective precipitation of Nd(III) (Fig. 4.11). 
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Fig. 4.11. Effect of the ratio n(C2O42–)/nNd3+ on the percentage of precipitation stripping of 
Nd(III) from the ionic liquid phase. Shaking speed: 1600 rpm, 23 °C, Time: 10 min. 
The obtained precipitate was washed and calcined. The purity of Nd2O3 was determined by 
TXRF and it was found to be 99.6% with the dysprosium as the only impurity. The yield 
corresponded to 99.3% and it was calculated once the whole process was carried out and all the 
fractions of neodymium were collected and put together. 
Until this point, two of the three major elements in the original leachate have been purified and 
isolated as oxides. Then Dy(III) remains in the aqueous phase as an EDTA complex. As the 
magnet is rich in neodymium and has a low amount of dysprosium, it is inevitable that some 
neodymium also gets back-extracted during the stripping of dysprosium. Even though the 
stripping percentage of neodymium is low, as it is shown in Fig. 4.10, this is relative because the 
initial amount of neodymium in the ionic liquid phase is 1000 times larger than the amount of 
dysprosium. This means that the aqueous phase obtained after the stripping of dysprosium 
contains a mixture of dysprosium and neodymium that has to be separated through another 
solvent extraction process. 
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As [Nd(EDTA)]– is a less stable complex than [Dy(EDTA)]–, it can be dissociated by the addition 
of HNO3 to the aqueous phase, and the Nd(III) that is released can be complexated by the nitrate 
ions that are present in the ionic liquid. As a result, neodymium(III) can be re-extracted into fresh 
ionic liquid. This process was optimized in terms of time, concentration of HNO3 and volume of 
HNO3. The optimum conditions found were 20 minutes of extraction time, 16 wt% HNO3, and 50 
µL of HNO3. Fig. 4.12 shows the effect of the volume of HNO3 added to the aqueous phase on 
the extraction percentage of Nd(III) and Dy(III). 
This process was carried out three times (in total) in order to remove all the remaining Nd(III), 
which was further precipitated from the ionic liquid and calcined as described above. The 
purified Dy(III) in the aqueous phase was precipitated as oxalate and calcined as well. After all 
the fractions were collected and reunited, Dy2O3 was obtained, as confirmed by XRD. The purity 
of the oxide was analysed by TXRF (99.8%) and the yield of the process was 99.1%. 
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Fig. 4.12. Effect of the volume of nitric acid (16 wt%) added to the aqueous phase on the 
percentage of extraction of Dy(III) (○) and Nd(III) (■). Shaking speed: 1600 rpm, 70 °C, 40 min. 
 
Finally, free-iron leachates obtained from roasted NdFeB magnets were employed as feed 
solutions for the separation of rare earths by using the herein implemented liquid-liquid 
extraction process. The employed experimental conditions corresponded to the optimum ones 
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determined previously with the synthetic solution. The obtained results are summarized in Table 
4.3. High extraction percentages and high rare-earth metal oxide purities were obtained when 
using the iron-free leachates. For instance, no other impurities were detected on the obtained final 
oxides, as the concentration of other metals in the starting material was considerably low. 
Table 4.3. Percentage of extraction and purity of the oxides obtained when applying the 
optimized system to leachate samples. 
Leachate 
Yield Nd2O3 % 
(Purity %) 
Yield Dy2O3 % 
(Purity %) 
Yield CoO % 
(Purity %) 
Selective leachate 
at 80 °C 
99.2 (99.7) 99.1 (99.8) 99.6 (99.6) 
Selective leachate 
at 22.5 °C 
99.3 (99.6) 99.2 (99.6) 99.4 (99.8) 
 
Recycling and recirculation of solvents and reagents is of importance in the industry from both 
environmental and economic points of view. With this aim, the ionic liquid was recovered and 
recycled. Once the metals present in the ionic liquid were precipitated with a stoichiometric 
amount of oxalic acid, then the ionic liquid was washed once with MilliQ water and equilibrated 
at the desired pH. Table 4.4 summarizes the results obtained for the recycling of the ionic liquid. 
Three cycles were carried out for the separation of cobalt(II), neodymium(III) and 
dysprosium(III), the ionic liquid was recovered almost completely after each extraction and it 
was successfully employed in new cycles of separation without affecting the extraction 
percentages.  
It has to be mentioned that when excesses of oxalic acid are used for the precipitation stripping, 
the oxalic acid has to be removed first from the ionic liquid in order to avoid precipitation of the 
rare earths once a new cycle of separations is started. Two methods were tested for the 
purification of the ionic liquid; the first one comprehends the dilution of the ionic liquid into 
dichloromethane or toluene and the posterior acid-base extraction with sodium hydroxide. In the 
second one, the excess of oxalic acid is precipitated with calcium nitrate and then removed after 
centrifugation. Even though both ways allow the recuperation of the ionic liquid and its reuse 
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without affecting its efficiency, the second option is easier to carry out and offers an 
environmentally friendlier approach since it does not involve the use of molecular solvents. 
Table 4.4. Recycling of the ionic liquid and efficiency of the separation process using recycled 
ionic liquid. 
Recycle 
# 
Yield Nd2O3 % 
(Purity %) 
Yield Dy2O3 % 
(Purity %) 
Yield CoO % 
(Purity %) 
Recovery of IL 
(%) 
1 99.2 (99.7) 99.1 (99.8) 99.6 (99.6) 97.8 
2 99.3 (99.7) 99.1 (99.6) 99.7 (99.5) 97.2 
3 98.9 (99.6) 98.7 (99.6) 99.7 (99.6) 96.8 
 
After the precipitation of dysprosium with oxalic acid, the solution containing EDTA and 
ammonium nitrate can be recycled. The extraction percentages varied (4.2% for Nd(III), 79.1% 
for Dy(III) with fresh solution) and (4.5% for Nd(III), 73.8% for Dy(III) with recycled solution). 
In the same way, the nitric acid employed for the preparation of the leachate can be recovered for 
its utilization in a new leaching once the cobalt has been precipitated.   
Recycling of magnets has a lower environmental impact than mining.46 Even though the 
separation of transition metals and rare earths is just a part of the process of the complete 
recycling chain of NdFeB magnets, it constitutes an important step that can be performed 
efficiently with more environmental friendly ionic liquids and precipitation stripping methods. 
Moreover, ionic liquids can be reused without affecting considerably the overall process 
efficiency. Additionally, phosphonium ionic liquids with nitrate anions, as the one employed in 
the present work, are not expensive (in comparison to other ionic liquids) and for instance have 
already been produced in large quantities.31 With the proposed processes, elements that are 
required by the industry and usually end up in landfills can be recovered and processed for its use 
again in NdFeB magnets or any industry requiring of rare-earth elements. Finally, a flow sheet of 
the process is given in Fig. 4.13. 
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Fig. 4.13. Process flow sheet. 
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4.4. Conclusions 
 
The ionic liquid trihexyl(tetradecyl)phosphonium nitrate was employed successfully for the 
liquid-liquid separation of cobalt, neodymium and dysprosium. An efficient and easy to carry out 
process herein proposed, allowed the recovery of highly valuable metal oxides with high purities, 
CoO (99.8%), Nd2O3 (99.6%), Dy2O3 (99.8%). This process was successfully tested in the 
separation of cobalt(II), neodymium(III) and dysprosium(III) from iron-free leachates in nitric 
acid. Therefore, it is compatible with the current industrial processes for the separation of rare 
earths that employ nitric acid leachates and also allows the convenient production of oxalates that 
can be calcined to produce the respective oxides. 
The stripping precipitation consuming only oxalic acid is convenient for the posterior calcination 
of the products and the obtention of the oxides, as well as, the reuse of the ionic liquid. These 
oxides are key elements in the recycling chain of permanent magnets because they are the 
precursors of the alloys needed for the production of the recycled magnets. 
The presented process for the separation and recovery of neodymium, dysprosium and cobalt 
opens the door for the exploration of new and greener systems for the recycling of rare earths in 
less steps than the currently employed without the use of harmful molecular solvents. 
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Chapter 5. Separation of neodymium and dysprosium using a 
phosphonium thiocyanate ionic liquid combined with neutral 
extractants: a process relevant for the recycling of end-of-life NdFeB 
magnets 
 
ABSTRACT-A solvent extraction system based on the combination of the ionic liquid 
trihexyl(tetradecyl)phosphonium thiocyanate ([C101][SCN]) and the neutral extractants 
Cyanex® 923 and tri-n-butyl phosphate (TBP) has been investigated for the separation of Nd(III) 
and Dy(III) in chloride media. High distribution ratios and separation factors were obtained when 
using Cyanex® 923 diluted in [C101][SCN] wt% 30:70. The addition of Cyanex® 923 to the 
ionic liquid brings four main advantages: 1) it enhances the distribution ratios of the rare earths, 
2) it decreases the viscosity of the organic phase, therefore it improves the mass transfer, 3) it 
increases the loading capacity of the ionic liquid and 4) it improves the phase disengagement. 
Different extraction parameters such as concentration of Cyanex® 923, concentration of chloride 
in the aqueous phase, equilibration time, pH effect, scrubbing agent and stripping agent were 
optimized. McCabe-Thiele diagrams were constructed to determine the number of stages needed 
for the separation of Nd(III) and Dy(III). Stripping of Dy(III) from the organic phase was easily 
achieved with water. The ionic liquid combined with Cyanex® 923 was recycled up to three 
times without losing its efficiency. As a result, this process offers a more environmentally 
friendly alternative for the separation of Nd(III) and Dy(III) than the conventional systems in 
which molecular solvents are employed as diluents. 
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5.1 Introduction 
The rare earth elements (REEs) are a group of 17 metals containing scandium, yttrium and the 15 
lanthanides that can be classified into two categories, namely light rare earths elements (LREEs) 
and heavy rare earths elements (HREEs).1 The fabrication of permanent magnets based on REEs 
has gained a considerable attention during the last decades because it has led to the consecution 
of powerful magnets with improved properties. Around 20% of the consumption of rare earths is 
employed in neodymium iron boron (NdFeB) permanent magnets that are used in wind turbines, 
electric motors, hard disc drives, loudspeakers, etc.2-5 Recycling of rare earths can help mitigate 
the balance problem and provide supply for scarce elements that are difficult to mine and avoid 
exhaustion of geological resources.2,6-11 Magnets can be recycled by manual dismantling or by 
fragmenting the device that contains the magnet and the magnet itself using shedders. 
Afterwards, the rare earths can be leached out from these fragments and purified through solvent 
extraction.2,3,12,13  
Since the middle fifties, rare earths have been separated into groups or individual elements using 
different methods such as selective precipitation, solvent extraction and ionic exchange.14-16 
Solvent extraction is one of the most common employed methodologies nowadays, in general, 
three different kinds of extractants are widely employed in solvent extraction: cation exchangers 
(acidic extractants), anion exchangers (basic extractants) and solvating extractants (neutral 
extractants). Carboxylic acids and derivatives of phosphorous acids are acidic extractants usually 
employed for the separation of rare earths in hydrochloric media, the efficiency of the extraction 
is pH dependent and usually the stripping process has to be carried out by using concentrated 
acids.16-21 Another disadvantage is that at high metal loadings and low acidities, gels can be 
formed in the organic phase making difficult the separation process.16 Basic extractants such as 
primary amines and tertiary amines have been used to extract rare earths as anionic complexes 
from sulfate and nitrate media. The rare earths can be easily stripped from the loaded organic 
phase.20,22-24 Neutral extractants are preferred over acidic and basic extractants to avoid pH 
influence, as well as high consumption of acid during the stripping steps and gel formation in the 
organic phase when working at high metal loadings.2,16,25-27  
Neutral extractants such as tri-n-butyl phosphate (TBP) have been widely used for the separation 
of metal ions.28 The extractability of the rare earth ions with tributyl phosphate TBP increases 
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with increasing the atomic number and the extraction is more efficient from nitrate solutions than 
from chloride solutions. In this kind of extraction, the rare earths in a neutral nitrato complex are 
coordinated by the phosphoryl group of the TBP.29 Cyanex® 923 is another neutral extractant 
that consists of a mixture of different trialkyl phosphine oxides and has been employed in the 
extraction of mineral acids and metal ions.30 Cyanex® 923 has been used diluted in heptane to 
extract lanthanum from nitrate media, the extraction is independent of the pH in the aqueous 
solution and the mechanism of extraction is similar to the one of TBP.30 Commercially, Cyanex® 
923 and TBP have been also employed for the separation of rare earths from impurities such as 
calcium in nitric acid.31 A study on the effect of the diluents in the separation of Pr(III) and 
Sm(III) with Cyanex® 923 has shown that the extraction percent of the rare-earth ions from 
nitrate media decreases while increasing the dielectric constant of the diluent.32  
Ionic liquids (ILs) are organic salts which consist entirely of ions and with melting points below 
100 °C. They are characterized for their chemical stability, negligible vapor pressure and low 
flammability, reasons why they have been used as green solvents in solvent extraction.33-36 
Additionally, they are electrically conductive, which means that there is no risk of accumulating 
static electricity.37 Ionic liquids have been mostly used to separate the rare earths from other 
metals ions, but lately they have also been applied to the separation of rare earths into individual 
elements.24,35,38-48 Ionic liquids can be used in split-anion extractions, a new approach in which 
the ionic liquid phase is used as the source of complex-forming anions. The biggest advantage of 
this approach is that ionic liquids containing anions such as thiocyanate or nitrate can be used to 
separate rare-earth mixtures from chloride aqueous media without the need of using acidic 
extractants.49 The latter is due to the fact that thiocyanate and nitrate anions have a strong affinity 
for the organic phase, while chloride anions will remain in the aqueous phase.50 Indeed, the ionic 
liquid phase needs to be rich in anions capable to form extractable complexes since the aqueous 
phase lacks of those anions. In this approach, the rare-earth ions are coordinated by thiocyanate 
or nitrate ions in the ionic liquid phase, while the chloride ions remain dissolved in the organic 
phase as counter anions for the ionic liquid cations that are not involved in the extraction of the 
rare-earth complex. The separation can be easily fine-tuned by the choice of the chloride 
concentration in the aqueous phase and the stripping can be carried out with water.  
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Ionic liquids have been used in combination of di(2-ethylhexyl) 2-ethylhexyl phosphonate 
(DEHEHP), TBP and Cyanex® 925 to enhance the separation of rare-earth ions, increase the 
extraction capacity and decrease the viscosity of the organic phase.51-53 In this paper, the effect of 
molecular extractants on the extraction and separation of rare earths using split-anion was 
investigated. Since hydrophobic and low viscous ionic liquids with high availability are needed 
for the development of these processes, phosphonium and quaternary ammonium cations with 
long alkyl chains combined with nitrate and thiocyanate anions were employed. Special attention 
was paid to the effect on distribution ratios and separation factors between the rare earths that are 
most commonly found in NdFeB magnets. Effects on the viscosity and kinetics of the systems 
were also studied. 
 
5.2 Experimental 
5.2.1 Materials and methods 
Tricaprylmethylammonium chloride (Aliquat 336, [A336][Cl], 88.2-90.6%), nitric acid (≥ 65%, 
p.a.) and KSCN (99%) were purchased from Sigma-Aldrich (Diegem, Belgium). KNO3 (>99%) 
and tri-n-butyl phosphate (TBP) (97%) from Chem-Lab Analytical (Zedelgem, Belgium), 
trihexyl(tetradecyl)phosphonium chloride (Cyphos IL 101, [C101][Cl], 97.7%) and Cyanex® 923 
(93%) were obtained from Cytec Industries (Canada), Dy(NO3)3·6H2O (99%) and oxalic acid 
(99%) were purchased from Acros Oganics (Geel, Belgium), Toluene (99.8%, HPLC grade) and 
hydrochloric acid (37%, reagent grade) was obtained from Fischer Chemical (UK). 
Nd(NO3)3·6H2O (99%) was obtained from Alfa Aesar (Karlsruhe Germany), NdCl3·6H2O 
(99.9%) and DyCl3·6H2O (99.9%) were obtained from Strem Chemicals (Newburyport, USA). 
Standard solutions of individual elements (1000 mg L−1) for inductively coupled plasma optical 
emission spectrometer (ICP-OES) and CaCl2·2H2O (>99%) were obtained from Merck (Overijse, 
Belgium). The silicone solution in isopropanol was obtained from SERVA Electrophoresis 
GmbH (Heidelberg, Germany). Pure water (MilliQ, Millipore, >18 MΩ cm−1) was employed to 
make all the dilutions. All chemicals were used as received without further purification. 
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5.2.2 Equipment and characterization 
 The extraction experiments were performed in 4 mL vials and using a temperature controllable 
Turbo Thermo Shaker (Model: TMS-200, Hangzhou Allsheng Instrument Co. Ltd., China). The 
separation of the aqueous and organic phases was speeded up by centrifugation using a Heraeus 
Megafuge 1.0 centrifuge. Viscosities and densities were measured using an automatic rolling-ball 
viscosity meter Lovis (Model 2000 M/ME, with a density measuring module MA 4500 ME, 
Anton Paar GmbH, Graz, Austria). A volumetric Karl Fischer titrator Mettler-Toledo with 
Stromboli oven operating at 150 °C was used with HYDRANAL®-Composite 5 one-component 
reagent to determine the water content of the ionic liquids. Analysis of the aqueous phase was 
performed using a Perkin Elmer Optima 8300 inductively coupled plasma optical emission 
spectrometer (ICP-OES) in dual view, with a GemTip CrossFlow II nebulizer, a Scott Spray 
Chamber Assembly, a sapphire injector and a Hybrid XLT ceramic torch. The calibration curve 
was constructed by fitting through the origin using standard solutions of Nd(III) and Dy(III) 
prepared in a 1 M HNO3 solution at four different concentrations: 2.5, 5, 10 and 20 mg L–1. 
Samples of the aqueous phase were prepared by taking an aliquot of 100 µL and diluting it to 10 
mL with a 1 M HNO3 solution. A sample of 1 mL of this solution was further diluted to 10 mL 
with the 1 M HNO3 solution to measure Nd(III), which was in higher concentrations. All 
measurements were performed in triplicate. The chloride concentration in the organic phase was 
determined with a bench top total reflection X-ray fluorescence (TXRF) spectrometer (S2 
Picofox, Bruker). All the pH measurements were performed using an S220 Seven Compact 
pH/Ion meter (Mettler-Toledo) and a Slimtrode (Hamilton) electrode. 
5.2.3 Solvent extraction 
To prepare thiocyanate forms of the ionic liquids, the chloride ionic liquids were preequilibrated 
three times with a 3 M KSCN solution to exchange the chloride ions for thiocyanate ions. 
Afterwards, the thiocyanate ionic liquid was washed three times with pure water. This resulted in 
the water saturated forms of [C101][SCN] and [A336][SCN]. To obtain the nitrate forms of the 
ionic liquids, the same procedure was followed by using a 3 M KNO3 solution. The chloride 
concentration after the equilibrations in these ionic liquid phases was checked by TXRF and was 
below the detection limits of the TXRF spectrometer.54 For the solvent extraction experiments, a 
synthetic solution was prepared by dissolving NdCl3·6H2O and DyCl3·6H2O in water, HCl was 
added to help the dissolution, the final pH of the aqueous solution was 2.5 and the final 
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concentrations were 64 g L–1 Nd(III) and 14 g L–1 Dy(III). These concentrations were chosen so 
that the ratio between the elements mimicked the ratio that is found in some NdFeB magnets.  
Batch experiments were carried out by contacting 1 mL of the aqueous phase with 1 mL of the 
organic phase (70% [C101][SCN], 30% Cyanex® 923) unless otherwise is stated in closed 4 mL 
vials. The vials were shaken at 25 °C and 2000 rpm during 60 min, unless otherwise is stated. 
Afterwards, the samples were centrifuged and the phases were separated. A sample of the 
aqueous phase was taken, diluted and measured with ICP-OES. For the scrubbing experiments, 
the loaded organic phase, 25 g L–1 Nd(III) and 9 g L–1 Dy(III), was put in contact with 1 mL of 
scrubbing agent (water, different concentrations of CaCl2) in 4 mL closed vials, and shaken 
during 60 min at 25 °C. After separation of the phases, a sample of the aqueous phase was taken, 
diluted and measured with ICP-OES. The maximum loading of Dy(III) and Nd(III) in the 
undiluted [C101][SCN] or the organic phase containing [C101][SCN] and Cyanex® 923 (70:30 
wt%) was determined by equilibrating the organic phase with a solution of Nd(III) and Dy(III), 
total concentration 14 g L –1 in  3.0 M CaCl2 and then removing and measuring the aqueous 
phase after equilibrium. The organic phase was equilibrated again with fresh solution of the total 
rare earths and the aqueous phase was removed and measured again. This procedure was repeated 
six times. The extraction of Nd(III) from the aqueous phase at different concentrations of CaCl2 
to [C101][NO3] was studied from a solution containing 41 g L–1 of Nd(III). The recycling was 
carried out by extracting from a solution containing 64 g L–1 Nd(III), 14 g L–1 Dy(III) and 3.0 M 
CaCl2 to the organic phase and stripping completely with water (2 steps), then the organic phase 
containing [C101][SCN] and Cyanex® 923 (70:30 wt%) was reused in a new cycle of 
separations.  
5.2.4 Theory 
The distribution ratio (D) in case of equal volumes is defined as follows: 
𝐷 = ! !"#! !" = ! !! ! !"! !"                            (5.1) 
where [M]i is the initial metal ion concentration in the aqueous phase. [M]aq is the metal ion 
concentration in the aqueous phase after the extraction. The percentage extraction (%E) is 
defined as the amount of metal ion extracted to the organic phase over the initial amount of metal 
ion in case of equal volumes and can be expressed as: 
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%𝐸 = ! !! ! !"! ! ×100                                 (5.2) 
The efficiency of the separation of two metals can be described with the separation factor α, in 
which DM1 and DM2 correspond to the distribution ratios D of metals M1 and M2, respectively, 
DM1>DM2: 𝛼!!!! = !!!!!!                                                (5.3) 
 
5.3. Results and discussion 
5.3.1 Extraction parameters 
Two different molecular extractants, namely TBP and Cyanex® 923 were tested to study their 
effect on the separation of Nd(III) and Dy(III) using the split-anion approach. One of the 
advantages of the split-anion extraction is that it offers the possibility to extract rare earths from 
chloride solutions using basic extractants. The latter is very useful for the design and 
development of separation processes, since hydrochloric acid is easier to recycle and thus to be 
used in a closed-loop process than nitric acid for instance.49  Therefore, the separation of Nd(III) 
and Dy(III) was first studied from a chloride media to the undiluted ionic liquid [A336][NO3] 
alone or combined with Cyanex® 923 or TBP. The main obtained results are presented in Table 
5.1. 
Table 5.1. Distribution ratios and separation factors of Nd(III) and Dy(III) to different organic 
phases.  
Organic phase DNd a DDy a αNd/Dy 
[A336][NO3] 0.38 0.20 1.90 
[A336][NO3]:TBP wt% 90:10 0.41 0.22 1.86 
[[A336][NO3]:Cyanex® 923 wt% 90:10 0.44 0.29 1.52 
a Equilibration time: 60 min, 2000 rpm, 25 °C, Concentration of CaCl2 in the aqueous phase = 2.5 
M. 
From Table 5.1 it can be seen how the addition of TBP or Cyanex® 923 to the ionic liquid 
slightly increases the distribution ratios of both metals. The distribution ratio of Nd(III) changes 
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from 0.38 in the undiluted ionic liquid to 0.41 when 10 wt% TBP is added, and to 0.44 when 10 
wt% Cyanex® 923 is added. However, since the distribution ratios of Dy(III) are also increasing 
the separation factors decrease. In this case the undiluted ionic liquid offers the best separation 
factor. This could be due to the fact that the extraction of rare earths from nitrate media follows a 
negative sequence (i.e. the LREES are extracted more than the HREES), in contrast to the fact 
that Cyanex® 923 and TBP extract from nitrate media following a positive sequence (i.e. the 
HREES are extracted more than the LREES).16,49,55 
Taking into account that the separation of rare earths from chloride media when employing 
[C101][SCN] or [A336][SCN] follows a positive sequence, which means that Dy(III) is 
preferentially extracted, the addition of TBP and Cyanex® 923 was studied in thiocyanate-based 
ionic liquids and the results are presented in Table 5.2. 
Table 5.2. Distribution ratios and separation factors of Nd(III) and Dy(III) to different organic 
phases.  
Organic phase DNd a DDy a αDy/Nd 
[A336][SCN] 0.27 0.54 2.11 
[A336][SCN]:TBP wt% 90:10 0.28 0.59 2.10 
[A336][SCN]:Cyanex® 923 wt% 90:10 0.32 0.72 2.25 
[C101][SCN] 0.16 0.37 2.31 
[C101][SCN]:TBP wt% 90:10 0.19 0.49 2.57 
[C101][SCN]:Cyanex® 923 wt% 90:10 0.23 0.79 3.43 
a Equilibration time: 60 min, 2000 rpm, 25 °C, Concentration of CaCl2 in the aqueous phase = 2.5 
M. 
Comparing the results from Table 5.1 and Table 5.2, it can be seen that the separation is more 
efficient when using ionic liquids with thiocyanate anions than when using ionic liquids with 
nitrate anions. Thiocyanate-based ILs had larger separation factors than the nitrate-based ILs. The 
fact that the distribution ratios are higher for Dy(III) than for Nd(III) in the thiocyanate-based 
systems is also beneficial in the case of the recycling of NdFeB magnets since it will facilitate the 
removal of the low amount of dysprosium present in the magnet. When extracting to 
[A336][SCN], higher distribution factors for Dy(III) and Nd(III) are obtained than in the case of 
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[C101][SCN], but the separation factors are smaller. This is because ammonium ILs trend to 
extract the light rare earths more strongly than the phosphonium ILs, which is in part due to the 
fact that the ammonium ionic liquid has a higher loading capacity due to its lower molecular 
mass. Besides this, the aqueous media has a high content of Nd(III) (i.e. 64 g L–1) which is 4.5 
times the amount of Dy(III) present (i.e. 14 g L–1). The addition of TBP to the thiocyanate-based 
ionic liquids slightly increased the distribution ratios. Instead, the addition of Cyanex® 923 
increased the distribution ratios and separation factors for both thiocyanate-based ionic liquids 
due to the stronger capacity of extraction of Cyanex® 923. Since larger separation factors were 
obtained when using Cyanex® 923 combined with the ionic liquid [C101][SCN], it was decided 
to further optimize this system for the separation of Nd(III) and Dy(III).  
The effect of the concentration of Cyanex® 923 in [C101][SCN] on the extraction was studied 
only from 0 to 50 wt%, since percentages higher than 50 wt.% resulted in the formation of a third 
phase.  
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Fig. 5.1. Effect of the concentration of Cyanex® 923 diluted in [C101][SCN] on the separation of 
Nd(III) and Dy(III) in 2.5 M CaCl2. Equilibration time: 60 min. Shaking speed: 2000 rpm at 25 
°C. 
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From Fig. 5.1, it can be seen how the distribution ratios of both metals increase while increasing 
the concentration of Cyanex® 923 in [C101][SCN] and especially for Dy(III). The separation 
factors also increase up to a concentration of 30 wt% Cyanex® 923 (α=3.95), after this 
concentration the separation factors decrease as well as the distribution ratios due to the decrease 
of the thiocyanate concentration in the organic phase. A concentration of 30 wt% was chosen as 
optimal.  
The chloride concentration has a major impact on the distribution ratios and can be used to fine-
tune the extraction. Therefore the effect of the concentration of CaCl2 in the aqueous phase was 
studied (Fig. 5.2). 
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Fig. 5.2. Effect of the concentration of CaCl2 on the separation of Nd(III) and Dy(III). 
Equilibration time: 60 min. Shaking speed: 2000 rpm at 25 °C, 30 wt% Cyanex® 923 in 
[C101][SCN]. 
In a split anion extraction process, the thiocyanate ions in the ionic liquid phase coordinate the 
rare earths because under the conditions of the present extraction, the rare-earth ions form more 
easily extracted complexes with thiocyanate ions than with chloride ions. Therefore, the addition 
of CaCl2 to the aqueous phase has a major impact on the distribution ratios of dysprosium. The 
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best separation factors were obtained when working with a concentration of 3 M CaCl2 (α = 
4.42). When working at higher concentrations than 3 M, the selectivity is lost due to the co-
extraction of neodymium. The marked effect that the concentration of CaCl2 has over the 
distribution factors is also an indication that it could be used for the stripping and the scrubbing 
steps.  
The next parameter evaluated was the kinetics of the extraction and the results are presented in 
Fig. 5.3.  
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Fig. 5.3. Kinetics of extraction of Nd(III) and Dy(III) from a 3 M CaCl2 matrix to an organic 
phase composed of 30 wt% Cyanex® 923, 70 wt% [C101][SCN] Shaking speed: 2000 rpm at 25 
°C. 
The separation equilibrium is reached somewhere in between 7 and 10 min (Fig. 5.3), which is a 
short time confirming the feasibility and potential of proposed system. For the study of the pH 
effect on the distribution ratios of Nd(III) and Dy(III), different pH values between 0.25 and 4 
were evaluated.  
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Fig. 5.4. Distribution ratio of Dy(III) and Nd(III) as a function of the equilibrium pH. CaCl2 in 
the aqueous phase 3.0 M, 22 °C, 15 min equilibration time. 
As it can be seen in Fig. 5.4, the pH did not have a significant effect in the percentage extraction. 
Below a pH of 1.5 the distribution ratios decreased for both metals probably due to the 
competition between the extraction of protons and the extraction of the metal complex by the 
neutral extractant.56 Above pH values equal to 2, the distribution ratios remained constant and 
therefore a pH of 2 was chosen as optimal. pHs higher than 5 are not recommended since at these 
values the rare earths can undergo hydrolysis. 
When studying the influence of the concentration of Cyanex® 923 it was observed how the 
addition of it decreased the viscosity of the organic phase and also accelerated the phase 
disengagement (except at concentrations higher than 50 wt% in which a third phase was formed). 
For this reason it was decided to compare the viscosity of the loaded undiluted ionic liquid 
[C101][SCN] against the viscosity of the loaded organic phase composed of Cyanex® 923 30 
wt% and [C101][SCN] 70 wt%. The loading capacity of the organic phases was calculated by 
contacting them with a solution containing 14 g L–1 total concentration of rare earths, after 
equilibrium, the aqueous phase was removed and the previously loaded organic phase was 
contacted again with fresh solution. This process was repeated 6 times to reach a maximum 
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loading capacity. The results obtained regarding the loading capacity are presented in Table 5.3 
and the viscosity values of the organic phases before and after loading are reported in Table 5.4. 
 
Table 5.3. Loading capacity of the organic phase (Cyanex® 923 30 wt% and [C101][SCN] 70 
wt%). 
Organic phase Total loading (g L–1)a 
[C101][SCN] 26.3 
70 wt% [C101][SCN] + 30 wt% Cyanex® 923 39.8 
a CaCl2 in the aqueous phase = 3 M, 25 °C, shaking speed: 2000 rpm. 
 
Table 5.4. Viscosities of the organic phases before and after loading at 25 °C. 
Organic phase Viscosity (cP) 
[C101][SCN] 391 
70 wt% [C101][SCN] + 30 wt% Cyanex® 923 220 
[C101][SCN] loaded with 26.3 g L–1 REE 958 
70 wt% [C101][SCN] + 30 wt% Cyanex® 923 
loaded with 39.8 g L–1 REE 
468 
 
The loading capacity of the organic phase is an important parameter in split-anion extraction. 
This is because the HREES have a crowing effect on the extraction of LREES (i.e. the rare earths 
with higher D values displaces the ones with lower D values at high loading values). The total 
loading increased from 26.3 g L–1 to 39.8 g L–1 when adding 30 wt% Cyanex® 923 (Table 5.3). 
This effect is most likely due to the greater solubility of the extracted rare earth complexes in the 
ionic liquid phase due to the presence of Cyanex® 923. At the same time, the addition of 
Cyanex® 923 decreased the viscosity of the loaded organic phase and improved the phase 
disengagement. The high loading, the low viscosity and the easy phase disengagement are 
parameters that are crucial in solvent extraction. In industrial processes in which concentrated 
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feeds are treated, higher loading capacities are beneficial because allow to increase the process 
capacity.  
A McCabe Thiele diagram was constructed to determine the number of stages required to 
separate Dy(III) from Nd(III) with the optimized system. As a result, it was estimated that two 
stages would be needed for the removal of Dy(III) using an O:A ratio of 1:1 (Fig. 5.5). 
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Fig. 5.5. McCabe-Thiele diagram for the extraction of dysprosium from a mixture of Dy(III) and 
Nd(III) to the organic phase (30 wt% Cyanex® 923 and 70 wt% [C101][SCN]). CaCl2 in the 
aqueous phase = 3.0 M. Phase contact time: 30 min, O:A ratios varied between ratios between 
0.5:5 and 5:1.5). 
 
5.3.2 Scrubbing and Stripping 
The next parameters investigated were the stripping and the scrubbing of Nd(III). Scrubbing is 
important since due to the large content of Nd(III) in the aqueous phase, it can get coextracted 
along Dy(III). Taking into account that large concentrations of chloride ions increase the 
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distribution of Dy(III) in the organic phase, the effect of the concentration of CaCl2 on the 
percentage scrubbing was studied.  
Table 5.5. Percentage of scrubbing (%S) of Nd(III) and Dy(III) from the loaded organic phase 
(70 wt% [C101][SCN] and 30 wt% Cyanex® 923) using CaCl2. 
CaCl2 (M) %S Nd(III)a %S Dy(III)a 
5.0 
4.0 
9.6 
25.5 
0.99 
9.06 
3.0 53.3 38.6 
2.0 75.9 66.7 
1.0 93.6 90.5 
Water 99.8 97.7 
a Equilibration time 60 min, 25 °C, 2000 rpm.  
From Table 5.5, it can be seen how different concentrations of CaCl2 can offer selectivity in the 
scrubbing step. For instance, high concentrations of CaCl2 allow the scrubbing of Nd(III) while 
keeping most of the Dy(III) in the loaded organic phase. Concerning the stripping, it can be seen 
in Table 5.5 that it can be achieved with water or with a diluted solution of CaCl2 since the 
presence of the salt helps additionally the phase disengagement.  
Up to this point it has been shown how Dy(III) can be extracted, refined and stripped from the 
initial rare earth mixture. However, a part of Nd(III) will still remain in the aqueous phase 
together with calcium(II). Another advantage of the split anion approach is that it allows the 
possibility to change the organic phases depending on the needs of the extraction, for example the 
distribution ratios of Nd(III) are larger when extracting to nitrate-based ionic liquids than when 
extracting to thiocyanate-based ionic liquids (Tables 5.1 and 5.2). Therefore, the aqueous phase 
containing Nd(III) can be contacted with [C101][NO3] or [A336][NO3] to separate it from Ca(II) 
(see Table 5.6). 
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From Table 5.6, it can be seen how the addition of CaCl2 to the aqueous feed can be 
beneficial for the extraction of Nd(III). The percentage extraction of Ca(II) was very low 
and without significant deviations between the percentage extraction using the 
phosphonium or the ammonium forms of the ionic liquid. After extraction with 
[C101][NO3], Nd(III) can be stripped from the loaded ionic liquid using water as well (i.e. 
with a stripping efficiency up to 99.6%). 
Table 5.6. Percentage extraction Nd(III) from aqueous phases containing different concentrations 
of CaCl2 to [A336][NO3] and [C101][NO3]. 
Organic phase 
Aqueous phase 
CaCl2 (M) 
%E Nd a %E Ca a 
[A336][NO3] 
3.0 25.6 0.09 
4.0 56.7 0.12 
5.0 92.9 1.41 
[C101][NO3] 
 
3.0 27.5 0.05 
4.0 57.9 0.27 
5.0 93.2 0.90 
a 60 min equilibration time, pH aqueous phase = 2, Nd(III) 41 g L–1 
 
5.3.3 Mechanism of extraction 
In general, the mechanism of extraction of a split-anion extraction of a rare-earth ion Ln3+ can be 
written as follows,49 
Ln!! + 3SCN! + x− 3 PR!SCN PR!! (!!!) Ln SCN ! !!!           (5.4) 
The bars in the equation mean that the species is in the organic phase, and x ≥ 3. Due to an anion 
exchange between the aqueous and the ionic liquid phase there is small amount of SCN− anions 
in the aqueous phase. The extracted complex is probably formed in the aqueous phase rather than 
in the ionic liquid, therefore coordinated water molecules could be present in the extracted 
species. 
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On the other hand, Cyanex® 923 can form complexes of the form Ln(SCN)3·n(Cya) with 
n=4 and 3 for the light and heavy rare earths, respectively when extracting to Cyanex® 
923 diluted in xylene.57 If the solvating mechanism is assumed for all the complexation 
reactions with Cyanex® 923, slope analysis can be used to determine the number of 
molecules of Cyanex® 923 that are involved in the extraction. 
 Ln!! + 3SCN! + n(Cya) Ln SCN ! ∙ n(Cya)          (5.5) 
 
𝐾 = !" !"# !∙!(!"#)!"!! !"#! ! !(!"#)                       (5.6) 
 Replacing by D and taking the logarithm, 
 logD = nlog Cya + 3 log SCN + logK      (5.7) 
 
By plotting logD vs. log[Cyanex® 923] it is possible to determine the number of molecules of 
Cyanex® 923 involved in the solvation of the extracted complex. The slope analysis was carried 
out for dysprosium (Fig. 5.6.). 
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Fig. 5.6. Distribution ratios for 14 g L–1 Dy(III) in a 3 M chloride solution as a function of the 
concentration of Cyanex® 923 varied between 0.28 - 1.15 M. 
The slope obtained is 2.07, meaning that 2 molecules of Cyanex® 923 would be solvating the 
extracted species. However, different species can be formed when extracting to ionic liquids58 
and the slope analysis method has limitations. A correct way to determine the structure of the 
complexes that are being extracted would be using extended X-ray absorption fine structure 
(EXAFS). 
 
5.3.3 Recycling of the organic phase 
The organic phase composed of 70 wt% [C101][SCN] and 30 wt% Cyanex® 923 was recovered 
after the stripping of dysprosium and recycled. With this aim, the ionic liquid was re-equilibrated 
with acidulated water to a pH = 2 and then contacted again with fresh feed. This procedure was 
repeated three times. The distribution ratios remained almost the same (0.61 ± 0.06 for Nd(III) 
and 2.69 ± 0.15 for Dy(III), which indicates the feasibility of recycling the organic phase. It has 
to be highlighted that the prolonged exposition of thiocyanate ionic liquids to sunlight and high 
temperatures leads to some degradation of the thiocyanate ions.49 No degradation was observed 
124	
 
(constant distribution ratios) in the experiments carried out at 25°C. As a precaution, the 
thiocyanate ionic liquids were stored in the dark. Finally, a flow sheet of the complete process is 
given in Fig. 5.7. 
 
 
Fig. 5.7. Flow sheet of the developed and optimized process for the extraction and purification of 
Nd(III) and Dy(III) mixtures in highly concentrated chloride media. 
 
5.4. Conclusions 
This paper proposes an environmentally friendly process based on the ionic liquid 
trihexyl(tetradecyl)phosphonium thiocyanate combined with Cyanex® 923 for the separation of 
Nd(III) and Dy(III) from highly concentrated chloride aqueous solutions. By introducing 
Cyanex® 923 into the system, the distribution ratios of Dy(III) increased, a higher metal loading 
was allowed while decreasing the viscosity and enhancing the phase disengagement process. As a 
result, the presented process is of relevance for the separation of Nd(III) and Dy(III) from used 
NdFeB magnets. Dy(III) was separated from Nd(III) by using [C101][SCN] combined with 
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Cyanex 923 and easily stripped with water. Nd(III) was recovered from the aqueous phase using 
the ionic liquid [C101][NO3]. The latter demonstrated one of the biggest advantages of split-
anion extractions: since the organic phase is the source of the complexing anion and not the 
aqueous phase, different extractions can be carried out from the same type of feed by changing 
the source of complexing anions in the organic phase. The proposed strategy is compatible with 
current industrial processes for the separation of rare earths elements from chloride media 
allowing the separation of two critical metals in few steps. 
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Chapter 6. Separation of rare earths and other valuable metals from 
deep-eutectic solvents: a new alternative for the recycling of used 
NdFeB magnets 
 
 
 
ABSTRACT-Deep-eutectic solvents (DESs) are used as a promising alternative to aqueous 
solutions for the recovery of valuable metals from NdFeB magnets. A deep-eutectic solvent 
based on choline chloride and lactic acid (molar ratio 1:2) was used for the leaching of rare earths 
and other metals from NdFeB magnets. A process for the separation of Fe, B and Co from Nd 
and Dy in the deep-eutectic solvent was developed by using the ionic liquid 
tricaprylmethylammonium thiocyanate (Aliquat 336 SCN, [A336][SCN]) diluted in toluene (0.9 
M). The extraction parameters were optimized and stripping of B was efficiently carried out by 
HCl, while EDTA was employed for the recovery of Fe and Co. The separation of Nd and Dy 
was assessed by using two different types of extractants, a mixture of trialkylphosphine oxides 
(Cyanex® 923) and bis(2-ethylhexyl)phosphoric acid (D2EHPA). Based on the distribution 
ratios, separation factors and the easiness of the subsequent stripping, Cyanex® 923 was chosen 
as the most adequate extractant. The purified Dy present in the less polar phase was easily 
recovered by stripping with water, while the Nd present in the deep-eutectic solvent was 
recovered by precipitation stripping with a stoichiometric amount of oxalic acid. Nd2O3 and 
Dy2O3 were recovered with a purity of 99.87% and 99.94%, respectively. The feasibility to scale 
up this separation process was corroborated by a setup of mixer-settlers. The new proposed 
system based on a deep-eutectic solvent combined with traditional organic extraction phases 
presented higher selectivities and efficiencies than the analogous aqueous system. Extended X-
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ray absorption fine structure (EXAFS) was employed to elucidate the different mechanisms for 
extraction of Co and Fe from the deep-eutectic solvent and from an aqueous solution. 
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6.1 Introduction 
The recycling of rare-earth permanent magnets continues to be of high importance since it 
represents a promising strategy against the global supply crisis of rare-earth elements.1 During 
the last years, the environmental and economic benefits of NdFeB magnet recycling have been 
discussed, analyzed and investigated.1-4 Diverse methodologies have been proposed, including 
the use of mechano-chemical treatment without external heating,5 the recovery of neodymium 
from NdFeB magnets at high temperatures using molten magnesium metal as extractant6 and 
hydrogen gas to separate the NdFeB magnets from waste.7-10 As an alternative to these processes, 
rare earths and other valuable metals present in magnet scrap can be recovered and purified 
through leaching and solvent extraction.3,11-13 The separation and purification of metals by 
solvent extraction is a well-known strategy that has been used at laboratory and industrial scale 
for decades.14-21 To start the separation process, a leachate or a concentrate containing the metals 
of interest must be obtained. With this aim, strong mineral acids and bases, leaching agents such 
as cyanide or chelating agents are normally used to leach the metals into an aqueous solution that 
is later processed by solvent extraction.11,22-25 The metal ions are extracted into an organic phase 
that usually consists of an extractant, a molecular solvent, and if needed, a phase modifier (to 
avoid the formation of a third phase and/or to improve phase disengagement).17 In case non-target 
metals are co-extracted together with the desired metals, a scrubbing step can be performed to 
improve the purity of the previously obtained organic phase. The metal ions can be removed from 
the organic phase using an appropriate striping agent. Afterwards, they can be precipitated and 
calcined in order to obtain metal oxides. 
In solvent extraction, attention has been paid to the replacement of commonly used organic 
solvents. New organic phases that provide new and tunable functionalities to improve the 
selectivity and efficiency of the extraction process are preferred, especially when they benefit 
workplace safety and are less harmful to the environment. With this aim, ionic liquids have been 
successfully employed as an organic phase in solvent extraction for the purification of metal ions, 
including transition metals and rare-earth elements.11-13,26-33 In contrast, less effort has been made 
in order to replace the aqueous phase by other liquid media able to facilitate the separation 
process. Deep-eutectic solvents (DESs) could act as a new functionalized, more polar phase for 
the leaching, solvent extraction, separation and purification of metal ions.34-37  
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DESs are systems formed from a eutectic mixture of Lewis or Brønsted acids and bases which 
can contain a variety of anionic and/or cationic species.36 DESs have been defined by Abbott et 
al.38 with the general formula R1R2R3R4N+X–·Y and can be classified into four different groups: 
(1) type I, in which Y corresponds to ZnCl2, SnCl2, AlCl3, GaCl3, FeCl3; (2) type II, in which 
hydrated metal halides are used as for instance Y = MClx·yH2O, M = Cr, Co, Cu, Ni, Fe; (3) type 
III, in which Y is an hydrogen bond donor (HBD) that can be an amide, alcohol or carboxylic 
acid; (4) type IV, in which DESs are composed of metal chlorides mixed with HBDs such us 
urea, ethylene glycol, acetamide or hexanediol. DESs are structurally different from ionic liquids 
(ILs) which are composed entirely by ions and usually contain only one type of anion and 
cation.36,39 Ionic liquids and DESs share some common physical properties such as low vapor 
pressure and non-flammability. Besides these properties, DESs are easier and cheaper to prepare 
than ionic liquids since their synthesis relies on the mixture of two components which is 100% 
atom economic (beneficial for their scaling up and industrial use). Moreover, DESs have 
excellent dissolution properties due to their ability to donate or accept electrons or protons to 
form hydrogen bonds.36,39 DESs are able to selectively dissolve various metal oxides depending 
on the deep eutectic solvent that is employed.34,40 This makes DESs good candidates for the 
dissolution of end-of-life NdFeB magnets.  
In this paper the preparation of a NdFeB magnet leachate with a deep-eutectic solvent (choline 
chloride and lactic acid, molar ratio 1:2, see Fig 6.1) and a subsequent solvent extraction 
procedure for the separation of neodymium, dysprosium, iron, cobalt and boron from the leachate 
in two steps are reported for the first time. In the first step, the ionic liquid [A336][SCN] diluted 
in toluene (0.9 M) is employed for the extraction of iron, cobalt and boron. Afterwards, Cyanex® 
923 diluted in toluene (0.9 M) is employed for the separation of neodymium and dysprosium. 
One of the main advantages of this process is that the leaching can be carried out using a cheap 
and easily available solvent that can be re-used or easily discarded since its components are 
biodegradable. Moreover, higher distribution ratios are obtained when extracting from deep-
eutectic solvent media than from conventional aqueous feeds. The system is versatile. First, only 
the transition metals and B are separated and afterwards, dysprosium can be separated. 
Neodymium remaining in the deep-eutectic solvent can be easily stripped. The feasibility of the 
proposed extraction was tested in larger scale by using a mixer-settler setup. 
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Fig 6.1. Chemical structure of choline chloride and lactic acid. 
 
6.2 Experimental 
6.2.1 Materials and methods 
Tricaprylmethylammonium chloride (Aliquat® 336, 88.2-90.6%), nitric acid (≥ 65%, p.a.), bis(2-
ethylhexyl) phosphate (D2EPHA, 97%) and KSCN (99%) were obtained from Sigma-Aldrich 
(Diegem, Belgium). Cyanex® 923 (93%) was obtained from Cytec Industries (Canada), tri-n-
butyl phosphate (97%) from Chem-Lab Analytical (Zedelgem, Belgium), choline chloride (99%), 
L(+)-lactic acid (90%), iron(III) chloride (98%), citric acid (99.6%), disodium 
ethylenediaminetetraacetate dihydrate (99%), sulfuric acid (96%), CoCl2·6H2O (99.9%) and 
oxalic acid (99%) was purchased from Acros Oganics (Geel, Belgium). Toluene (99.8%, HPLC 
grade) and hydrochloric acid (37%, reagent grade) was obtained from Fischer Chemical (UK). 
Boric acid (99%) was obtained from VWR Chemicals (Leuven, Belgium). Solvent 70 was 
obtained from Statoil (Norway). NdCl3·6H2O (99.9%) and DyCl3·6H2O (99.9%) were obtained 
from Strem Chemicals (Newburyport, USA). Standard solutions of individual elements (1000 mg 
L−1) for ICP analysis and CaCl2·2H2O were obtained from Merck (Overijse, Belgium). Pure 
water (MilliQ, Millipore, >18 MΩ cm−1) was employed to make all the dilutions. All chemicals 
were used as received without further purification. 
6.2.2 Equipment and characterization 
A disc mill (Benelux Scientific) was used to ground the magnet pieces, which were later sieved to 
obtain <400 µm powders. A planetary ball mill (Retsch PM4000, 5 mm stainless steel balls) was 
used to further grind the samples to obtain a particle size below 100 µm. The ball-milling 
conditions were: 30:1 ball-to-powder ratio (g/g), 2 h duration at 200 rpm. A muffle furnace was 
used for roasting (950 °C, 15 h). Leaching experiments were conducted in 4 mL vials, with 
magnetic stirring. After leaching, the samples were centrifuged in a Heraeus Megafuge 1.0 
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centrifuge at 5000 rpm during 3 min to separate the residue from the leachate. Solvent extraction 
experiments were carried out in temperature controllable Turbo Thermo Shakers (Model: TMS-
200, Hangzhou Allsheng Instrument Co. Ltd, China). 1H NMR spectra were recorded on a Bruker 
Avance 300 spectrometer, operating at a frequency of 300 MHz. Samples for 1H NMR 
measurements were prepared in deuterated dimethyl sulfoxide (DMSO-d6). UV-VIS absorption 
spectra were recorded with a Varian Cary 5000 spectrophotometer. The viscosity and density of 
the DES was measured using an automatic rolling-ball viscosity meter Lovis (Model 2000 
M/ME, with a density measuring module MA 4500 ME, Anton Paar GmbH, Graz, Austria). A 
volumetric Karl Fischer titrator Mettler Toledo with Stromboli oven operating at 150 °C was 
used with HYDRANAL®-Composite 5 one-component reagent to determine the water content of 
the DES. Analysis of the deep-eutectic solvent phase was performed using a Perkin Elmer 
Optima 8300 inductively coupled plasma optical emission spectrometer (ICP-OES) in dual view, 
with a GemTip CrossFlow II nebulizer, a Scott Spray Chamber Assembly, a sapphire injector and 
a Hybrid XLT ceramic torch. The calibration curve was constructed by fitting through the origin 
using standard solutions of Fe, Co, Nd and Dy prepared in a 1 M HNO3 solution at four different 
concentrations: 2.5, 5, 10 and 20 mg L–1. Samples of the deep-eutectic solvent phase were 
prepared by taking an aliquot of 300 µL and diluting it to 10 mL with a 1 M HNO3 solution. A 
sample of 1 mL of this solution was further diluted to 10 mL with the 1 M HNO3 solution in case 
of more concentrated solutions. All measurements were performed in triplicate. 
Extended X-ray Absorption Fine Structure (EXAFS) spectra of the Fe K-edge (7112 eV) and Co 
K-edge (7709 eV) were collected at the Dutch-Belgian Beamline (DUBBLE, BM26A) at the 
European Synchrotron Radiation Facility (ESRF) in Grenoble (France). The energy of the X-ray 
beam was tuned by a double-crystal monochromator operating in fixed-exit mode using a Si(111) 
crystal pair. The measurements were done in transmission mode using ionization chambers filled 
with Ar/He gas at ambient pressure. A brass sample holder with Kapton® windows and a flexible 
polymeric spacer (VITON®) with a thickness of 2 mm was used as a sample holder. Samples of 
the less polar phase (0.9 M [Aliquat336][SCN]) were taken after equilibrating it with solutions of 
approximately 5000 ppm of Fe and 5000 ppm Co in DES. For the aqueous solutions the same 
concentrations of Fe and Co were employed and the total concentration of CaCl2 was 5 M. 
Standard procedures were used for pre-edge subtraction and data normalization in order to isolate 
the EXAFS function (χ). The isolated EXAFS oscillations were accomplished by a smoothing 
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spline as realized in the program VIPER.41 The data were fitted using the ab initio code FEFF 
7.042 which was used to calculate the theoretical phase and amplitude functions that subsequently 
were used in the non-linear least-squares refinement of the experimental data. The chloride 
concentration in both phases was determined with a bench top total reflection X-ray fluorescence 
(TXRF) spectrometer (S2 Picofox, Bruker). X-ray diffraction powder patterns were recorded at 
room temperature with a Seifert 3003 T/T X-ray diffractometer equipped with a scintillation 
detector. X-ray type: Cu Kα operating at 40 kV and 40 mA, scanning range: 10–80° (2θ), step 
width: 0.02°, step scan: 2.00 s. The X-ray diffractograms were processed by “X’pert HighScore 
Plus” PANalytical software with ICDD database. 
6.2.3 Synthesis of DES 
Batches of approximately 1 liter of DES based on chloline chloride and lactic acid as hydrogen 
bond donor were prepared by mixing choline chloride (1 molar eq.) and lactic acid (2 molar eq.) 
and shaking manually in a bottle until the mixture was completely homogeneous.  
6.2.4 Leaching 
Two different samples of small NdFeB magnets (one round-shaped of approximately 25D × 10H 
mm and one rectangular-shaped of approximately 25W × 10H × 33L mm) were kindly provided 
by BEC Gesellschaft für Produktmanagement GmbH (Moers, Germany) and Magneti Ljubljana 
(Ljubljana, Slovenia), respectively. The magnets were demagnetized by heating them during 5 h 
at 300 °C in a furnace. Afterwards, they were crushed, milled and sieved to collect the fraction 
<400 µm from which a part was further ball-milled and sieved to obtain the <100 µm fraction. 
The chemical composition of the magnet samples was determined by carefully dissolving a 
sample of the magnet powder in concentrated hydrochloric acid and quantifying the solution with 
ICP-OES. For the roasting process, a magnet powder sample of 5 g was placed in a porcelain 
crucible without lid and heated at 950 °C in a muffle furnace during 15 h.  
Magnet samples of 100 mg were dissolved in 5 mL of deep-eutectic solvent and heated at 70 °C 
during 12 h, unless stated otherwise. Afterwards, the leachate was centrifuged and filtered. A 
sample of the leachate was diluted with 1 M HNO3 and the metal concentration was measured 
with ICP-OES. The solid residue was dissolved in 6 M HNO3 and quantified by ICP-OES. 
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6.2.5 Solvent extraction 
The chloride ion in the ionic liquid Aliquat® 336 was exchanged by a thiocyanate anion by 
equilibrating it three times with a 2.5 M KSCN solution. Afterwards, the thiocyanate ionic liquid 
was washed. For the solvent extraction experiments, a synthetic solution was prepared by 
dissolving NdCl3·6H2O, DyCl3·6H2O, CoCl2·6H2O, FeCl3 and H3BO3 in the DES and stirring the 
mixture while heating at 40 °C. The final concentrations ± the standard deviation were: 
(2375±10) mg L–1 for Nd, (6813±9) mg L–1 for Fe, (54±3) mg L–1 for B, (102±5) mg L–1 for Dy 
and (153±6) mg L–1 for Co. For the removal of iron, cobalt and boron, batch experiments were 
carried out by contacting 1 mL of DES with 1 mL of the less polar phase ([A336][SCN] diluted 
in toluene (0.9 M) in closed 4 mL vials. The vials were shaken at 25 °C and 2000 rpm during 20 
min, unless otherwise is stated. Batch experiments for the separation of Nd and Dy were carried 
out using a synthetic solution which was prepared by dissolving NdCl3·6H2O and DyCl3·6H2O in 
the deep-eutectic solvent (choline chloride and lactic acid, molar ratio 1:2). The final 
concentrations ± the standard deviation were (2370±8) mg L–1 for Nd and (102±4) mg L–1 for Dy. 
A sample of 1 mL of this solution was put in contact with 1 mL of less polar phase (Cyanex® 
923 or D2EPHA diluted in toluene 0.9 M unless otherwise is stated) and shaken during 20 min at 
25 °C and 2000 rpm. For the stripping experiments, the loaded less polar phase was put in contact 
with 1 mL of stripping agent (different concentrations of HCl, oxalic acid, citric acid or EDTA) 
in 4 mL closed vials, and shaken during 60 min at 25 °C. A sample of the aqueous phase was 
taken, diluted and measured with ICP-OES.  
For comparison reasons, solvent extraction experiments from aqueous solutions containing 
(2155±9) mg L–1  Nd, (6380±12) mg L–1 Fe, (68±3) mg L–1 B, (112±4) mg L–1 Dy and (148±4) 
mg L–1 Co were carried out. CaCl2 was used as source of chlorides and its concentration in the 
aqueous phase was 1.5 M, unless otherwise stated. For the separation of Nd and Dy the 
concentrations in the aqueous phase were (2218±7) mg L–1 for Nd and (121±3) mg L–1 for Dy. 
The extraction was carried out in 4 mL vials at 25 °C and 2000 rpm during 60 min to assure that 
equilibrium was achieved. 
A counter-current mixer-settler system comprised of five extraction units in polyvinylidene 
fluoride (PVDF) was used to evaluate the scaling up feasibility of the developed process for the 
separation of iron, cobalt and boron from neodymium and dysprosium and subsequently 
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dysprosium from neodymium. The mixer-settler unit consists of: a) the mixing chamber, where 
the less polar phase and the more polar phase are mixed using a motor stirrer, b) the settling 
chamber, where the phases are separated by density difference and c) a more polar phase outlet 
compartment, from which the more polar phase exits the unit.43 The more and less polar phases 
were pumped into the mixer-settlers using electromagnetic pumps (Iwaki). Each mixer-settler 
unit has a volume of 120mL/unit (MYMEKO, Sweden). The light phase:heavy phase ratio 
(LP:HP) was 1:1. The light phase corresponds to 0.9 M [A336][SCN] or Cyanex® 923 in 
toluene, while the heavy phase corresponds to the DES chlorine chloride:lactic acid (molar ratio 
1:2). The flow rates for the deep-eutectic solvent and organic feeds were 1.5 mL/min, the mixing 
speed in the mixer chambers was 900 rpm. The retention time corresponded to 13.3 min. For the 
separation of dysprosium from neodymium, the LP:HP phase ratio was 2:1. The flow rates for the 
deep eutectic solvent and organic feeds were 3 and 1.5 mL/min, respectively, the mixing speed in 
the mixer chambers was 900 rpm. The retention time corresponded to 8.8 min. 
 
6.3 Results and discussion 
6.3.1 Dissolution 
The composition of two different NdFeB magnets that were employed for the dissolution 
experiments was determined with ICP-OES (Table 6.1). The composition of a NdFeB magnet 
varies depending on the type of application it is used for. Generally, cobalt is added to the 
magnets to increase their Curie temperature, while dysprosium and gadolinium are added when it 
is required to operate at high temperatures as they increase the coercivity of the magnet.44,45 
Praseodymium is often present together with neodymium to reduce production costs since its 
complete separation from neodymium requires multiple steps and they share similar properties.46 
Both magnets contained 4 different rare earths, Nd, Dy, Pr and Gd. Magnet 2 contains higher 
amounts of Gd and Pr but a lower amount of Dy compared to Magnet 1.   
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Table 6.1. Main composition (wt%) of two NdFeB magnets determined with ICP-OES.  
 
Main composition (wt%) 
Element Magnet 1 Magnet 2 
Fe 58.52 ± 6.22 56.62 ± 5.67 
Nd 22.96 ± 3.45 21.38 ± 4.96 
Co 2.66 ±  0.10 2.76 ± 0.17 
Dy 5.06 ±  0.56 0.26 ± 0.05 
B 1.26 ± 0.09 1.30 ± 0.08 
Nb n.d.a 0.09 ± 0.04 
Gd 1.86 ± 0.19 5.5 ± 0.9 
Al 1.39 ± 0.05 4.00 ± 0.23 
Pr 3.87 ± 0.07 5.47 ± 0.28 
Si 0.05 ± 0.01 0.10 ± 0.05 
Cu n.d.a 0.10 ± 0.06 
Ni n.d.a 0.44 ± 0.09 
Ga 0.22 ± 0.03 0.09 ± 0.01 
Total 97.85 98.11 
a n.d. = not detected (below detection limit) 
 
The percentage metal leached (%L) was calculated as follows, 
%L= Amount of metal in the leachate
Total amount of metal in the leachate and precipitate
×100     (6.1) 
To the best of our knowledge, the solubility of rare-earth oxides has not been reported in any 
DESs yet. Magnet samples (<100 µm particle size) were roasted and leached using three different 
deep-eutectic solvents based on choline chloride (ChCl), ChCl:urea, ChCl:ethylene glycol and 
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ChCl:lactic acid, all of them with a molar ratio 1:2. High %L were obtained when using the deep-
eutectic solvent composed of ChCl:lactic acid (1:2) and no significant deviations were obtained 
between both roasted magnets. The mixtures ChCl:urea (1:2) and ChCl: ethylene glycol (1:2) 
allowed the poor dissolution of Nd and Fe and did not dissolve any of the other metal oxides 
from the roasted magnets. Since physicochemical properties of deep-eutectic solvents depend on 
the kind of moieties and substituents present in the mixture, the high solubility of the oxides in 
the choline chloride:lactic acid (1:2) DES can be explained by the fact that the protons present in 
the lactic acid react with the oxides to form water (Eq. 6.2) and probably the coordinating 
abilities of lactic acid and the choline help dissolution. 
Nd2O3(s)+ 6CH3CHOHCOOH(DES) → 2Nd(CH3CHOHCOO)3(DES) + 3H2O(DES)      (6.2) 
Since the best results were obtained with the DES based on choline chloride and lactic acid (1:2), 
it was decided to carry out the dissolution of metals from the NdFeB magnets with this solvent. 
The effect of the liquid:solid (L/S) ratio on the two different roasted magnet powders was 
investigated (Fig. 6.2). As expected, the percentage of metal leached increased when using L/S 
ratios larger than 20 mL g–1. When trying to dissolve the magnet using lower quantities of DES, 
low %L values were obtained. This can be explained because of the poor agitation due to the low 
amount of liquid and the large amount of solid, which probably makes it difficult for the DES to 
reach all the metals in the magnet powder. At high L/S ratios, all metals were dissolved almost 
completely. No selectivity was observed at any ratio and there were not significant differences 
when using magnets with different compositions. The effect of the water content in the DES 
choline chloride:lactic acid (1:2) on the percentage of metal leached was evaluated (Fig. 6.3).  
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Fig. 6.2. Effect of the liquid:solid ratio (L/S) on the percentage metal leached from two different 
roasted magnet powders (<100 µm particle size), 70 °C leaching temperature, 24 h leaching 
duration. 
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Fig. 6.3. Effect of the water content (wt%) in the deep-eutectic solvent choline chloride:lactic 
acid (1:2) on the percentage metal leached from non-roasted (<100 µm particle size) and roasted 
NdFeB magnet 1 (<100 µm particle size), leaching temperature: 70 °C, 24 h leaching duration, 
L/S = 12.5 mL g–1. 
The effect of roasting the magnets was investigated by comparing the leaching of non-roasted 
and roasted magnets. The magnet powders (<100 µm particle size) were roasted at 950 °C before 
dissolving them in the DES at 70 °C during 24 h. In the case of non-roasted magnets (<100 µm 
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particle size), the dissolution was started by contacting the non-roasted magnets with DES 
without heating or stirring to avoid potential spillage because of the production of hydrogen gas 
during the dissolution (Eq. 6.3). 
2Nd(s) + 6CH3CHOHCOOH(DES) → 2Nd(CH3CHOHCOO)3(DES) + 3H2(g)      (6.3) 
or the dissolution of the non-roasted magnet with the DES choline chloride:lactic acid (1:2), an 
increase in water content (up to 60 wt%) had no significant effect on the percentage metal 
leached. After 60 wt% water content, a decrease on the dissolution of the metals was observed. 
As expected, no dissolution of metals occurred when pure water was used.  
For the leaching of the roasted magnets, selectivity can be achieved when adding water to the 
DES (Fig. 6.3). During the roasting process, different kinds of metal oxides such as Fe2O3, 
NdBO3 and NdBO3 are formed.47 In the same way as explained in equation 6.2, lactic acid reacts 
with the corresponding oxides to form water (Eq. 6.4): 
Fe2O3+ 6CH3CHOHCOOH(DES) → 2Fe(CH3CHOHCOO)3(DES) + 3H2O      (6.4) 
In the case of non-roasted magnets, iron is released into the DES as iron (II), as follows, 
Fe(s) +  2CH3CHOHCOOH(DES) → Fe(CH3CHOHCOO)2(DES) + H2(g)          (6.5) 
Iron (II) is more stable against hydrolysis than iron (III), thus, in the case of non-roasted magnets, 
no selectivity can be achieved since iron (II) can go in solution as long as there is not an 
oxidizing environment. In the case of roasted magnets (Eq. 6.4), as the lactic acid is consumed 
and water is produced, the pH increases allowing the hydrolysis of iron (III) and precipitation of 
Fe(OH)3. The advantage of such situation is not only the selectivity but also that the eutectic 
mixture is not decomposed since no redox reactions occur upon dissolution of the roasted 
magnets. The dissolution of magnets in mixtures of water and DESs is promising and might 
result after optimizing some leaching parameters (e.g. kinetics, temperature, nature of the 
carboxylic acid in the DES) in leachates containing mostly rare earths. Still, since the highest %L 
was achieved with the DES choline chloride:lactic acid (1:2) without the addition of water, this 
DES was employed as the more polar phase for the further solvent extractions.  
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6.3.2 Solvent extraction 
The leachate from the roasted magnet produced with the DES choline chloride:lactic acid (1:2) 
without water was employed as the more polar phase for solvent extraction. Foreman has studied 
the solvent extraction of transition metals and lanthanides from DES using Aliquat® 336 and 
D2EHPA diluted in an aromatic solvent and a saturated aliphatic hydrocarbon respectively.37 
Since the recovery of metals from NdFeB magnets using DES has not been widely explored yet, 
it was decided to carry out the separation of only the most typical elements present in NdFeB 
magnets (i.e. Nd, Dy, Fe, B, Co) through solvent extraction.   
To evaluate and quantify the efficiency of the solvent extraction, parameters such as, percentage 
extraction (%E), distribution ratio (D) and separation factor (αA,B) were evaluated. The 
percentage extraction (%E) is defined as the initial amount of metal ion in the more polar phase 
([M]i) minus the amount of metal ion in the more polar phase after extraction ([M]f) over the 
initial amount of metal ion ([M]i). In case of equal volumes it can be expressed as: 
                                   %E = M i–[M]f
M i
×100                            (6.6) 
The distribution ratio (D) of a metal is defined in equation 6.7 as the ratio of its concentration in 
the less polar phase by its concentration in the more polar phase ([M]f) after extraction and phase 
separation.  
                                          𝐷 = M i–[M]f
[M]f
                                     (6.7) 
The separation factor (αA,B) between two metals is the ratio of the distribution ratios of the metals 
A and B, where A and B are chosen so that α > 1 (Eq. 6.8). 
                                         α= !!!!                                             (6.8) 
Ionic liquids were chosen as the less polar phase for the solvent extraction because they are 
effective extractants for metal ions.11-13,27,29,32,33 Since the available mixer settlers operated 
exclusively at room temperature, ionic liquids were diluted with organic solvents to avoid longer 
equilibration times due to the relatively high viscosities. Toluene and Solvent 70 (one of the 
fractions of kerosene) were tested because they are very common diluents for solvent extraction 
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systems.48-55 Despite the fact that toluene is not a green solvent,56 it was chosen as diluent since it 
allowed higher separation factors as well as faster and better phase disengagements in 
comparison to Solvent 70. Besides this, no problems with third phase formation were 
encountered when using toluene.  
Table 6.2 shows the results obtained for the extraction of Nd, Fe, B, Dy and Co from a synthetic 
solution, mimicking the concentrations of a leachate of NdFeB magnet, where two ionic liquids 
(Aliquat® 336 with two different anions, chloride and thiocyanate, diluted in toluene) were 
employed. 
Table 6.2. Distribution ratios of neodymium, dysprosium, iron, boron and cobalt.a  
 
D for [A336][Cl] in toluene (0.7 M) D for [A336][SCN] in toluene (0.7 M) 
Nd 0.041 ± 0.009 0.029 ± 0.006 
Fe 187 ± 6 47.8 ± 0.7 
B 2.73 ± 0.30 0.78 ± 0.08 
Dy 0.023 ± 0.005 0.026 ± 0.007 
Co 0.74 ± 0.07 192 ± 10 
a Shaking time: 60 min, 2000 rpm, 25 °C. Each value represents the average of three 
measurements. 
Both [A336][SCN] and [A336][Cl] extracted Fe and higher distribution ratios were obtained for 
B when [A336][Cl] was employed, while [A336][SCN] allowed a more efficient extraction of 
Co. In both cases, there was almost no extraction of the rare earths. Since in general, high D were 
obtained for Co with less co-extraction of the rare earths when using [A336][SCN], this 
extractant was chosen to carry out the first separation stage. In terms of equilibration time, it was 
found that a period between 15 to 20 min was adequate to reach equilibrium. An equilibration 
time of 20 min was chosen as the optimal time to make sure that equilibrium was reached. This 
relatively long equilibration time is needed because of the slow mass transfer process occurring 
under the operating conditions (i.e. viscosity of the DES phase at 25 °C = 155.8 cP).  
Dilutions of [A336][SCN] in toluene were prepared in order to optimize the concentration of the 
extractant. Poor phase mixing and slow phase disengagement were observed when working with 
concentrations of [A336][SCN] higher than 0.9 M. A concentration of 0.9 M of [A336][SCN] in 
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toluene was chosen as optimal since it allowed the highest D for B, Fe and Co without facing 
problems with viscosity. It is important to notice that there was hardly any extraction of the rare 
earths during this step (Fig. 6.4). 
As chloride is a good inner-sphere ligand it is possible to generate extractable chlorometallate 
complexes as expressed as follows, M!! +  𝑛Cl! +  𝑚[A336]   ⇌  [MCl![A336]!]                   (6.9) 
 
The equilibrium constant can be expressed as 𝐾!" = [!!"! !""# !]!!! !"! ![!""#]! = !!!"! ![!""#]!                      (6.10) 
 
By plotting log D vs. log[A336] when the chloride concentration is constant, it is possible to 
determine the number of  molecules of ionic liquid that are involved in the extraction of the metal 
ion (Eq. 6.11).  log𝐷 = mlog A336 + n log Cl! + log𝐾eq          (6.11) 
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Fig. 6.4. Effect of the concentration of [A336][SCN] in toluene on the extraction of Fe, B and Co 
from a mixture of Nd, Dy, Fe, B and Co in the DES choline chloride:lactic acid (molar ratio 1:2).  
Shaking speed: 2000 rpm at 25 °C, equilibration time: 20 min. Concentration of [A336][SCN] = 
0.2 - 0.9 M. 
It can be seen that the distribution ratios for B, Fe and Co increase with the [A336][SCN] 
concentration. The distribution ratios of Co and Fe are in concordance with what has been 
reported previously for the extraction of these metals from the same DES.37 The stoichiometric 
ratios between Fe, B and Co and the extractant were determined by plotting the logD vs. 
log[[A336][SCN]] and then doing the linear regression to determine the stoichiometric ratio 
between the metal ion and the extractant (Fig 6.4). The results show that the slope values are 
close to 2 for Co and 1 for Fe, this would suggest that the complexes formed could correspond to 
[FeCl4][A336] and [Co(Cl)4][A336]2. In the case of boron, a value of 1.43 was obtained for the 
slope, indicating that most likely more than one kind of complex is formed. It is known that boric 
acid can form 1:1 or 1:2 anionic complexes with lactic acid, [B(OH)2(C4H5O3)]– or 
[B(C4H5O3)2]–.57 In the presence of an excess of lactic acid, the complex [B(C4H5O3)2]– would be 
predominant. This complex could be extracted by the ionic liquid present in the less polar phase 
as [B(C4H5O3)2][A336]. However, estimations by slope analysis do not give complete 
information about the structure of the extracted metal complex. EXAFS was used to determine 
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the environment of the extracted complexes of Fe and Co and the results will be discussed in the 
section EXAFS. 
Since industrial processes using ambient temperature are usually less expensive and preferred 
over those that use high temperatures, the effect of the temperature was not studied. However, it 
must be stressed that working at higher temperatures could help to reduce the viscosity of the 
system and thus, to increase the mass transfer of the extraction process. Additionally, it could 
also allow the use of the ionic liquid in its undiluted form, which will possibly increase the 
extraction of boron.  
After the removal of Fe, Co and B (i.e. by countercurrent solvent extraction in mixer settlers), a 
process for the separation of Nd and Dy present in the DES was developed. Two conventional 
extractants were tested: Cyanex® 923 and D2EHPA. D2EHPA is a well-known acidic extractant 
that is widely employed for the separation of rare earths due to its high selectivity and extractant 
capacity.17,58 Cyanex® 923 is a solvating extractant that has been widely used for the separation 
of rare earths in nitrate media.17,58 Table 5.3 shows the distribution ratios of Nd and Dy when 
extracted from the DES using Cyanex® 923 and D2EHPA.  
 
Table 6.3. Distribution ratios of neodymium(III) and dysprosium(III) from the eutectic mixture 
of choline chloride and lactic acid (molar ratio 1:2).a  
 DNd DDy 
Cyanex® 923 (0.9 M in toluene) 0.14 ± 0.07 1.79   ± 0.10 
D2EHPA (0.9 M in toluene) 2.23 ± 0.09 28.85  ± 2.53 
a Shaking speed: 2000 rpm, equilibration time: 60 min, 25 °C. 
 
D2EHPA allowed the obtention of higher distribution ratios than Cyanex® 923 but the separation 
factors were similar, αDy/Nd = 12.93 and 12.79 for D2EHPA and Cyanex® 923 respectively. Since 
solvent extraction processes must not be analyzed only in terms of their distribution ratios, but 
also considering the stripping procedure and their feasibility to be scaled up, it was decided to 
study both systems to compare them and choose the most adequate one. The kinetics of 
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extraction of both systems was studied at 25 °C and in both cases, the equilibrium is reached 
somewhere in between 5 and 10 min. Taking this into account, 15 min was chosen as the optimal 
time to carry out further experiments. 
The next parameter investigated was the effect of the concentration of extractant in the less polar 
phase. In both cases the distribution ratios for both rare-earth metals increase as the concentration 
of extractant increases (Fig. 6.5 and 6.6). Concentrations of extractant higher than 0.9 M resulted 
in higher distribution ratios but also in a loss of the selectivity.  
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Fig. 6.5. Effect of the concentration of Cyanex® 923 diluted in toluene on the separation of 
neodymium and dysprosium in the DES choline chloride:lactic acid (molar ratio 1:2).  
Equilibration time: 15 min. Shaking speed: 2000 rpm at 25 °C.  
149	
 
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
-1
0
1
2
3
Slope = 2.64 ± 0.11
Slope = 2.49 ± 0.12
lo
g(
D
)
 Dy
 Nd
log[D2EHPA]
 
Fig. 6.6. Effect of the concentration of D2EHPA diluted in toluene on the separation of 
neodymium and dysprosium in the DES choline chloride:lactic acid (molar ratio 1:2). 
Equilibration time: 15 min. Shaking speed: 2000 rpm at 25 °C. 
In general, the extraction of rare earths by organophosphorous acids, such as D2EHPA, can be 
expressed as follows,17 
 RE!!  +  3(HA)! ⇌  REA!(HA)!  +  3H!             (6.12) 
 
Where (HA)2 represents the dimer of D2EHPA, and RE denotes a rare earth element. The 
equilibrium constant K of the reaction can be written as follows, 
 
𝐾 = [REA3(HA)3][!!]![!"!!][(!")!]! = ![!!]![(!")!]!                                (6.13) 
 
Taking logarithm on both sides, the following equation is obtained,  
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logD = −3 log[H+] + 3 log[(HA)2] + log K(HA)2                  (6.14) 
 
When the concentration of [H+] is constant, the plot of logD against log[(HA)2] should give a 
straight line with a slope of three. 
 On the other hand, the extraction reaction using Cyanex® 923 can be expressed by Eq. 6.15,59 
RE3+ + 3Cl– + 3B⇌ RECl3 · 3B                        (6.15) 
 
The equilibrium constant can be written as,  𝐾! = [!"#$! · !"][!"!!][!"!]![!]! = ![!"!]![!]!                            (6.16) 
 
Where B represents Cyanex® 923. The logarithm of the distribution ratio depends only on the 
concentrations of Cyanex® 923 and Cl–, as shown in Eq. 6.17, log𝐷 = 3 log Cl! + 3 log B + log𝐾!                (6.17) 
When the chloride concentration is constant, the plot of logD against log[B] should give a slope 
of 3.  
From Fig. 6.5 and 6.6 it can be observed that the slopes had values close to 2.5 for both Nd and 
Dy extracted from DES with Cyanex® 923 or D2EHPA. The slopes are non-integral indicating 
that more than one type of complex is involved in the extraction. These slopes are in concordance 
with what has been published previously by other authors.17,60-64 Cyanex® 923 has been widely 
used in the extraction of rare earths from nitrate media.64-66 In general, solvating extractants have 
been mostly used when extracting from nitrate media because they offer higher distribution ratios 
and separation factors than from chloride media.67 Therefore, the use of solvating extractants to 
extract rare earths from chloride media has been barely reported.59,67 Lee and co-workers reported 
the extraction of La, Ce, Pr, Nd and Sm from chloride media using Cyanex® 923 and D2EHPA 
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as the extractant for a solvent-impregnated resin.59 The distribution ratios for heavy rare earths 
were higher than those for light rare earths, which is in agreement with what has been found in 
this work for the extraction of Nd and Dy from DES and also with other works on the extraction 
of REEs with Cyanex® 923 from different aqueous feeds.62,63 64  
 
6.3.2.1 Stripping 
The percentage of stripping is defined in equation 6.18. 
%𝑆 = [!]!"[!]!" ×100                               (6.18) 
where [M]aq corresponds to the concentration of metal ion in the more polar phase after stripping 
and phase separation and [M]bs is the concentration in the less polar phase before stripping.  
The stripping of Fe, Co and B from the less polar phase consisting of the ionic liquid 
[A336][SCN] diluted in toluene (0.9 M) was studied. Diluted and concentrated acids were 
employed as well as NaOH, EDTA and citric acid (Table 6.4). 
The use of NaOH as stripping agent allowed precipitation stripping of Fe and Co. B was only 
back-extracted to the aqueous phase when using high concentrations of NaOH (8 M). It has been 
reported that at very high concentrations of NaOH or KOH, B can be stripped by the formation of 
Na2B4O7 and K2B4O7 at high pH.68 One disadvantage of this method is the formation of the non-
coarse precipitate of hydroxides of iron and cobalt that is difficult to filter, besides the fact that 
high concentrations of NaOH are required to precipitate all the metals. HCl was also tested but it 
was not a good stripping agent for Fe(III) and Co(II) due to the strong complexes formed 
between the thiocyanate ions and these metal ions. When HCl was used as stripping agent, Fe and 
Co were not back-extracted, however, B could easily be stripped since it is less strongly 
extracted. As expected, EDTA was a good complexing agent for stripping Fe and Co, but a poor 
one for B. Citric acid was not a better alternative than EDTA because the stability constants for 
the formation of the complexes are smaller with citric acid (log KCo= 4.4 and log KFe= 11.8) than 
with EDTA (log KCo= 16.21 and log KFe= 14.3).69,70 To achieve complete stripping, the solution 
can be treated with 6 M HCl to remove B, followed by a treatment with 1.2 M EDTA to remove 
Fe and Co. 
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Table 6.4. Distribution ratio of the stripping of Fe, B and Co from [A336][SCN] in toluene (0.9 
M).a  
Stripping 
agent Concentration (M) DFe ± SD DB ± SD DCo ± SD 
NaOH 
8.0 
2.0 
0.66 ± 0.02 
1.18 ± 0.04 
2.20 ± 0.13 
n.d.b 
0.47 ± 0.01 
3.95 ± 0.33 
1.0 1.31 ± 0.02 n.d.b 13.5 ± 1.6 
0.5 3.78 ± 0.11 n.d.b > 200 
HCl 
6.0 
3.0 
> 200 
0.32 ± 0.01 
0.53 ± 0.02 
122 ± 8 
107 ± 10 
2.0 
1.0 
42.5 ± 7 
26.8 ± 2.9 
0.90 ± 0.05 
1.20 ± 0.06 
82.3 ± 6.2 
17.9 ± 6.1 
EDTA 
1.2 0.03 ± 0.01 n.d.b 0.03 ± 0.01 
0.4 1.44 ± 0.03 n.d.b 1.35 ± 0.03 
0.1 2.52 ± 0.12 n.d.b 61.5 ± 1.5 
0.05 5.13 ± 0.28 n.d.b > 200 
Citric acid 0.4 8.43 ± 0.23 n.d.b 29.3 ± 3.7 
a Equilibration time 60 min, 25 °C, 2000 rpm. b n.d.: not detected (below detection limit). 
After the removal of Fe, Co and B, Dy can be separated from Nd by using either Cyanex® 923 or 
D2EHPA diluted in toluene (0.9 M) as previously discussed. Since Nd is one of the main 
components of the magnet, it is present in the leachate in higher concentrations (i.e. 2370 ppm) 
than Dy (i.e. 102 ppm). Therefore, Nd is also co-extracted during the removal of Dy using the 
above mentioned extractants. To remove the Nd that is co-extracted with Dy to the less polar 
phase, a scrubbing procedure is necessary. CaCl2 at different concentrations was tested as 
scrubbing agent (Table 6.5). 
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Table 6.5. Effect of the CaCl2 concentration on the scrubbing of Nd and Dy from the less polar 
phase (Cyanex® 923 in toluene 0.9 M).a 
CaCl2 (M) DNd DDy 
5.6 0.64 ± 0.06 > 200 
4.2 0.73 ± 0.08 57.8 ± 3.8 
2.8 0.63 ± 0.10 3.69 ± 0.09 
1.4 0.65 ± 0.06 0.38 ± 0.05 
0.7 0.45 ± 0.05 0.16 ± 0.03 
a 25 °C, 2000 rpm, 40 min. Concentrations in the less polar phase: (431±6) mg L–1 for Nd and 
(270±4) mg L–1 for Dy (concentrations of the raffinate obtained from the mixer settler). 
From Table 6.5 it can be seen that no selectivity can be achieved at very low concentrations of 
CaCl2 since both Nd and Dy are stripped. However, selectivity can be achieved when working at 
higher concentrations of CaCl2 because the presence of chloride anions increases the distribution 
of heavy rare earths towards the less polar phase. When D2EHPA was used as extractant, this 
scrubbing step with CaCl2 could not be carried out since the metals are not easily stripped by 
water and the presence of high chloride concentrations favours their distribution in the less polar 
phase. Thus, 6.6 M CaCl2 was selected as scrubbing agent and was employed to purify the Dy-
rich less polar phase obtained after running the mixer-settlers using 0.9 M Cyanex® 923 in 
toluene. No co-extraction of Ca was observed when using Cyanex® 923 as extractant. The 
stripping of Dy was evaluated using different stripping agents and the results are summarized in 
Table 6.6.  
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Table 6.6. Distribution ratios of Dy stripping from Cyanex® 923 in toluene (0.9 M) and 
D2EHPA in toluene (0.9 M).a 
Stripping agent 
DDy from Cyanex® 923 in toluene 
0.9 M 
DNd from D2EHPA in 
toluene 0.9 M 
Water 0.016 ± 0.007 > 200 
0.5 M HCl 0.012 ± 0.006 0.31 ± 0.09 
0.1 M citric acid 0.019 ± 0.009 > 200 
0.1 M EDTA 0.24 ± 0.09 > 200 
a Equilibration time: 40 min, 25 °C, 2000 rpm. Concentration of Dy in the less polar phase after 
the scrubbing: 245 mg L–1. 
From Table 6.6, a clear difference in the stripping behaviour of the two systems is observed since 
the D were lower for all the stripping agents that were used when stripping from the Cyanex® 
923 in comparison to stripping from the D2EHPA phase. This can be explained because of the 
high affinity of the acidic extractant D2EHPA for the rare earths. With this extractant very high 
distribution ratios can be achieved for heavy rare earths, but the stripping is difficult. Because of 
the easiness of scrubbing and stripping when Cyanex® 923 is used, Cyanex® 923 was chosen as 
optimal extractant for the separation of Dy from Nd and water was selected as stripping agent. 
Once Dy was removed from the DES phase (i.e. by counter-current extraction), it was necessary 
to find a way to strip Nd from the DES. With this aim, precipitation stripping with oxalic acid 
was explored. Different amounts of oxalic acid were contacted with the DES and then stirred at 
25 °C and 2000 rpm during 25 min. After this time, the precipitate was removed and the aqueous 
phase quantified by ICP-OES. As it can be seen in Fig. 5.7, a stoichiometric amount of oxalic 
acid was needed to precipitate all Nd present in the DES, as stated in equation 5.19. Using an 
excess of oxalic acid is not recommended since the deep eutectic solvent choline chloride:oxalic 
acid can be formed.   2Nd!! + 3H!C!O! → Nd! C!O! ! + 6H!                  (6.19) 
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Fig. 6.7. Precipitation stripping of Nd from the eutectic mixture of choline chloride and lactic 
acid (molar ratio 1:2). Equilibration time 40 min, 25 °C and 2000 rpm.  
6.3.3 Separation by mixer-settlers 
The feasibility of scaling up the extraction processes was tested using small mixer-settlers (Fig. 
6.8). Besides determining the extractant, the composition of the less polar phases, the contact 
time, the stripping agent and evaluating other parameters such as phase disengagement, the 
number of stages needed for the separation of Fe, B and Co from Nd and Dy was also 
determined.  
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Fig 6.8. Photograph of employed mixed-settlers. 
McCabe Thiele diagrams showing the loading of Fe, Co and B at different light phase:heavy 
phase ratios (LP:HP) from a solution containing all the metals (Fe, B, Co, Nd and Dy) were 
constructed. It was estimated that one stage was needed for Fe and Co extraction, approximately 
three for B extraction when using an LP:HP ratio of 1:1. At a LP:HP ratio of 2:1 one stage is 
needed for Fe and Co and two for B (Fig. 6.9, 6.10, 6.11). In total, three stages would be 
necessary for the complete extraction of Fe, Co and B from Nd and Dy. However two more 
stages were put as precaution in case more stages were needed due to the relative high viscosity 
of the more polar phase.  
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Fig.  6.9. McCabe-Thiele diagram for Fe from a mixture of Fe, Co, B, Nd and Dy in the DES 
choline chloride:lactic acid (molar ratio 1:2) with 0.9 M [A336][SCN] in toluene (phase contact 
time 20 min, LP:HP ratios between 0.05:1 and 10:1). 
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Fig.  6.10. McCabe-Thiele diagram for B from a mixture of Fe, Co, B, Nd and Dy in the DES 
choline chloride: lactic acid (molar ratio 1:2) with 0.9 M [A336][SCN] in toluene (phase contact 
time 20 min, LP:HP phase ratios between 0.25:1 and 10:1). 
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Fig. 6.11. McCabe-Thiele diagram for Co from a mixture of Fe, Co, B, Nd and Dy in the DES 
choline chloride:lactic acid (molar ratio 1:2) with 0.9 M [A336][SCN] in toluene (phase contact 
time 20 min, LP:HP ratios between 0.05:1 and 10:1). 
The extraction behaviour of Fe, Co and B in the mixer-settler is presented in Fig. 6.12. Every 
hour a sample was taken from each extraction chamber throughout the day and analysed by ICP-
OES. The extraction system showed a good stability over time, with minor variations in metal 
concentrations between the samples. In the first stage, the concentration of Fe and Co in the DES 
decreased considerably. On the other hand, B required three stages to be completely recovered 
from the DES. During the whole time of operation, no precipitate or third phase formation was 
observed. The experimental data obtained with the mixer-settlers showed that the fourth and fifth 
stages were not needed since at those stages Fe, Co and B were not detected in the more polar 
phase. 
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Fig. 6.12. Extraction behaviour of iron (top), boron (center) and cobalt (bottom) from the DES 
choline chloride:lactic acid (molar ratio 1:2). The extraction was carried out with [A336][SCN], 
(0.9 M in toluene). The LP:HP ratio was 1:1.     
 
After the removal of Fe, Co and B, Nd and Dy remained in the DES solution. As it was 
previously discussed, the extractant, its concentration, the kinetics and the stripping agent were 
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evaluated. Cyanex® 923 (0.9 M in toluene) was selected as the less polar phase to carry out the 
separation of Dy from Nd in the mixer settlers since good separation factors were achieved, the 
stripping could be carried out efficiently using water and the system presented fast and good 
phase disengagement (important when running mixer settlers). Fig. 6.13 shows the extraction 
isotherm of Dy at different LP:HP ratios from an eutectic mixture of choline chloride and lactic 
acid (molar ratio 1:2) containing only Nd and Dy. It was estimated that approximately three 
stages were needed when working at an LP:HP ratio of 1:1 and two stages when using an LP:HP 
ratio of 2:1. An LP:HP ratio of 2:1 was chosen since it allows the less number of stages and a 
better and faster phase disengagement when removing the Nd from Dy than when removing Fe, 
Co, and B from Nd and Dy, partly because of the lower viscosity of the system. No formation of 
a third phase, precipitate or gel was observed at any point of the separation study. One extra stage 
was added to the system in order to assure complete extraction of the Dy in the case that two 
stages were not enough when testing the separation system in the mixer settlers.  
The extraction behaviour of Dy is presented in Figure 6.14. Every hour a sample was taken from 
each extraction chamber throughout the day and analysed with ICP-OES. The extraction showed 
good stability over time, with minor variations in metal concentrations between the samples. In 
the first stage, the concentration of Dy in the more polar phase was decreased by almost the half 
and on the second stage it was close to 0 mg L–1. No Dy was detected on the third stage. The 
experimental data with the mixer settlers showed that two stages, when working at an LP:HP 
phase ratio of 2:1 were needed to successfully separate Dy from the Nd. 
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Fig. 6.13. McCabe-Thiele diagram for Dy from a mixture of Nd and Dy in the DES of choline 
chloride and lactic acid (molar ratio 1:2) with 0.9 M Cyanex® 923 in toluene (phase contact time 
20 min, LP:HP phase ratios between 0.25:1 and 10:1).   
0 1 2 3
0
20
40
60
80
100
120
[D
y]
 (m
g 
L-
1 )
Stage  
Fig. 6.14. Extraction behaviour of Dy from the deep-eutectic solvent choline chloride: lactic acid 
(1:2). The extraction was carried out with Cyanex® 923 (0.9 M in toluene). The LP:HP phase 
ratio was 2:1.   
After extraction, part of the raffinate containing mainly Nd was contacted with a stoichiometric 
amount of oxalic acid and stirred at 25 °C during 30 min. The light pink precipitate that was 
obtained was filtered, washed with water and ethanol and then calcined at 950 °C during 3 hours.  
The blue powder that was obtained was analyzed by XRD and corresponded to Nd2O3.71  The 
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dissolution of this powder in concentrated HCl and its quantification with ICP-OES indicated a 
purity of 99.87% and 0.13% of Dy. The less polar phase obtained from the mixer settler, rich in 
Dy and containing Nd was scrubbed manually in a separatory funnel, 5 times, with 6 M CaCl2 
and then the Dy was stripped with water, precipitated with oxalic acid and calcined at 950 °C. 
The obtained white powder was analyzed by XRD which indicated that it corresponded to 
Dy2O3,72 the purity was determined by ICP and it corresponded to 99.94% Dy and 0.06% Nd as 
impurity. 
6.3.4 Recycling of the less polar phase 
After the removal of Fe, B and Co from the feed solution with the ionic liquid [A336][SCN] (0.9 
M in toluene) and the stripping of these elements using 6 M HCl and 1.5 M EDTA pH 5.6, the 
less polar phase, without any further treatment, was put in contact with a fresh DES mixture 
containing Fe, B, Co, Nd and Dy. In a similar experiment, the less polar phase was equilibrated 
with KSCN before its reuse in a new extraction. Results are presented in Table 6.7. 
Table 6.7. Re-use of the less polar phase (0.9 M [A336][SCN] in toluene) for the extraction of 
Fe, B and Co.a 
Less polar phase DFe ± SD DB ± SD DCo ± SD 
Without treatment 30.3 ± 1.4 2.6 ± 0.2 65.7 ± 2.4 
Equilibrated with [SCN]– 52.9 ± 4.9 0.84 ± 0.07 199 ± 8 
a 25 min equilibration time, 2000 rpm, 25 °C.  
Table 6.7 shows how after the stripping of Fe, B and Co with HCl and EDTA, the less polar 
phase can be re-used for the extraction of these metals. The percentages of extraction for Fe and 
Co are comparable to the ones obtained when carrying out the extraction for the first time (Table 
6.2). However, in the case of B, higher percentages extraction were obtained and they are 
comparable to the ones obtained when [A336][Cl] was used as extractant. When the less polar 
phase is equilibrated with 2.5 M KSCN before its re-use, the percentages extraction that are 
obtained are similar to those observed when working with [A336][SCN]. This could indicate that 
there is an anionic exchange mechanism when using [A336][SCN], therefore, after extraction, the 
less polar phase is richer in chloride ions, which explains why the higher percentages of 
extraction for boron when the less polar phase is reused without equilibration with KSCN. In fact, 
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the analysis of the less polar phase with TXRF after extraction indicated the presence of chloride 
peaks.  
After stripping with water, the less polar phase (Cyanex® 923 diluted in toluene 0.9 M), was re-
used to extract Dy from the mixture of Nd and Dy in the DES of choline chloride:lactic acid 
(molar ratio 1:2) and no significant deviations from the results obtained when using the extractant 
for the first time were encountered. 
6.3.5 Comparison with conventional systems 
The developed system was compared to the traditional liquid-liquid extraction systems composed 
by an aqueous phase and an organic phase. Since the concentration of chloride anions in the DES 
is close to 3 M, it was decided to carry out the experiments with an aqueous phase containing 1.5 
M CaCl2 to have a concentration of chloride anions close to the one present in the DES, a 
concentration of 5 M CaCl2 in the aqueous phase was also tested for comparison (Table 6.8).  
Table 6.8. Comparison between the proposed system and a traditional liquid-liquid extraction 
system from an aqueous solution for the removal of Fe, B and Co using 0.9 M [A336][SCN] in 
toluene.a 
More polar 
phase 
 
DFe ± SD DB ± SD DCo ± SD DNd ± SD DDy ± SD 
ChCl:lactic acid 
(molar ratio 1:2) 
44.5 ± 2.6 0.78 ± 0.10 193 ± 2 0.029 ± 0.007 0.025± 0.008 
Aqueous phase 
(without CaCl2) 
5.7 ± 0.3 n.d.b 10.0 ± 1.4 n.d.b 0.080 ± 0.009 
Aqueous phase 
(CaCl2 1.5 [M]) 
20.0 ± 1.6 n.d.b 29.8 ± 1.2 0.10 ± 0.02 0.23 ± 0.04 
Aqueous phase 
(CaCl2 5 [M]) 
49.6 ± 1.5 0.09 ± 0.03 72 ± 3 0.31 ± 0.08 0.45 ± 0.07 
a Equilibration time: 60 min, 2000 rpm, 25 °C. b n.d. = not detected (below limit of detection). 
From Table 6.8 it can be seen how higher D for Fe and Co are obtained when extracting from 
DESs. Moreover, the extraction of B is not possible from the aqueous system. The extraction of 
metal ions from the aqueous system can be improved by addition of CaCl2 but by doing this, the 
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selectivity is lost since Dy and Nd are co-extracted. The use of a DES as the more polar phase 
was also beneficial for the separation of Nd and Dy in comparison to conventional aqueous 
systems (Table 6.9). 
Table 6.9. Comparison between the proposed system and a traditional liquid-liquid extraction 
system with an aqueous solution for the removal of Dy using 0.9 M Cyanex® 923 in toluene.a 
More polar phase 
  
DNd ± SD DDy ± SD 
ChCl:lactic acid (molar ratio 1:2) 0.17 ± 0.09 1.89  ± 1.2 
Aqueous phase (without CaCl2) 0.19 ± 0.02 0.43  ± 0.06 
Aqueous phase 
(CaCl2 1.5 [M]) 
0.29  ± 0.06 0.55  ± 0.12 
Aqueous phase 
(CaCl2 5 [M]) 
0.45  ± 0.05 0.77  ± 0.13 
a Equilibration time: 60 min, 2000 rpm, 25 °C.  
When extracting Nd and Dy at these concentrations from aqueous systems, low D and SF are 
obtained. When extracting from DESs, better separation factors are obtained. This can be due to 
the presence of lactic acid in the more polar phase. It has been reported how a complexing agent 
that can form complexes with rare-earth cations (with different equilibrium constants) can 
significantly increase the possibility of selectively separate the different rare earth cations. The 
complexation of rare-earth cations with enhances the sorption performance and improves the 
selectivity.73-75 This highlights the importance of these new systems and the importance of 
studying and improving them. Fig. 6.15 shows the flow sheet for a process to separate Fe, B and 
Co from Nd and Dy in a DES and afterwards to separate Dy from Nd using [A336][SCN] (0.9 M 
in toluene) and Cyanex® 923 (0.9 M in toluene), respectively. 
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Fig. 6.15. Flow sheet for a process consisting of dissolution of a NdFeB magnet in the DES 
choline chloride: lactic acid (molar ratio 1:2), followed by the removal of Fe, B and Co with 
[A336][SCN] 0.9 M in toluene and afterwards, the separation of Nd and Dy with Cyanex® 923 
0.9 M in toluene.   
 
6.3.6 EXAFS 
Understanding of the mechanism of extraction is crucial in every single extraction process. When 
it is understood how the extraction occurs, the process can be optimized and redesigned in order 
to create better systems in terms of efficiency and consumption of chemicals. The extraction of 
transition metals and rare earths using conventional extractants from aqueous systems is 
described extensively in the literature.15,17,58 However, the mechanism of extraction from DESs 
has not been studied yet. The mechanism of extraction of Fe and Co with [A336][SCN] 0.9 M in 
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toluene was studied from the DES phase and compared against the extraction of the same metals 
from aqueous solutions. 
A fit of the first coordination shell of iron extracted from the aqueous to the [A336][SCN] phase 
showed 6 nitrogen atoms. Therefore, a model containing 6 coordinating thiocyanate anions was 
used to fit the experimental data. A model including a linear Fe-N-C bond showed bad fits. In 
case of a non-linear Fe-N-C bond, four-leg scattering paths can be excluded if the bond angle is 
not close to 180°. A model including three two-leg scattering paths (Fe-N, Fe-C and Fe-S) and 
three three-leg scattering paths resulted in a good fit of the data. The degeneracy of the different 
paths was constrained but S0 was allowed to vary resulting in a value of 0.95. The distances to N, 
C and S also proof the non-linearity of the Fe-N-C bond as the total sum of the bond lengths (r) 
in Fe-N-C-S is around 5 Å and the fact that the three leg scattering paths to carbon and sulphur 
are significantly larger in distance than the two leg scattering paths to carbon and sulphur, 
respectively (Table 6.10, Fig. 6.16., Fig. 6.17). N is the coordination number, r is the bond 
distance, and σ2 is the mean-square-displacement in the bond distance. 
Table 6.10. Fitting results of the EXAFS data for the [Fe(SCN)6]3– complex in [A336][SCN], 
extracted from an aqueous phase.a 
Scattering path N r (Å) σ2 (Å2) 
Fe-N 6 2.076(3) 0.010(1) 
Fe-C 6 3.085(46) 0.015(2) 
Fe-S 6 4.503(29) 0.009(2) 
Fe-N-C 12 3.254(13) 0.009(1) 
Fe-S-C 12 4.614(19) 0.008(1) 
Fe-S-N 12 4.937(11) 0.008(2) 
a The data were Fourier-transformed between k = 3.0 and 12.9 Å with a Gaussian rounded ends 
function and fitted to the model between r = 0 and 4.92 Å–1. 
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Fig. 6.16. EXAFS function χ(k)*k4 and model of the [Fe(SCN)6]3– complex. 
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Fig. 6.17. Fourier transform and model of the [Fe(SCN)6]3– complex. The data were Fourier-
transformed between k = 3.0 and 12.9 Å with a Gaussian rounded ends function and fitted to the 
model between r = 0 and 4.92 Å–1. 
The edge structure of the iron(III) complex extracted from the DES looked very similar to the 
edge structure previously observed for [FeCl4]– complexes.76,77 A fit of the EXAFS region, 
including only Fe-Cl single scattering paths resulted in a fit degeneracy of 3.4, a bond distance of 
2.208 Å and a Debye Waller factor of 0.004 Å2. A slightly better fit was obtained when including 
also one Fe-O path. However, this is contradictory to the rest of the Fourier transform (FT) as 
coordinating oxygen atoms can only come from lactic acid or choline. This suggests that there 
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should be contributions to the FT at slightly higher r values as well, which is not the case. 
Therefore, it can be concluded that iron extracts as a FeCl4 complex to the less polar phase (Fig. 
6.18, 6.19, 6.20). 
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Fig. 6.18. X-ray absorption spectrum around the Fe K-edge of the less polar phase (0.9 M 
[A336][SCN]) of the extraction from the DES. 
 
 
Fig. 6.19. EXAFS function χ(k)*k4 and model of the [FeCl4]– complex in 0.9 M [A336][SCN] 
diluted in toluene, as extracted from the DES. 
	
2.5 5.0 7.5 10.0 12.5
-60
-40
-20
0
20
40
60
k (Å-1)
χ(
k)
*k
4
 
 Data
 Model
169	
 
0 1 2 3 4
0
30
60
90
120
150
180
r + Δ (Å) 
M
ag
ni
tu
de
 F
T
 
 Data
 Model
 
Fig. 6.20. Fourier transform and model of the [FeCl4]– complex in [A336][SCN] diluted in 
toluene (0.9 M), as extracted from DES. The data were Fourier-transformed between k = 2.0 and 
12.9 Å with a Gaussian rounded ends function and fitted to the model between r = 0 and 3 Å–1.  
Fitting of the first shell of the Co complex in the [A336][SCN] phase, as extracted from an 
aqueous solution, showed the presence of four nitrogen atoms. Therefore, a model consisting of 
four thiocyanate ligands was used to fit the experimental data. Three single scattering paths and 
three three-leg scattering paths were included, and of which the degeneracy was constrained. The 
amplitude reduction factor S0 was set to 0.95. Similarly to the [Fe(SCN)6]3– complex in 
[A336][SCN], the three-leg scattering paths Co-C-N, Co-S-C and Co-S-N are larger than the 
distances between Co and N, C and Co, which indicates the non-linearity between the Co-N-C 
angle and the N-C-S angle (Table 6.11). The EXAFS function of the Co complex extraction from 
the DES and from 5 M CaCl2 was very similar to the EXAFS function of Co extracted from an 
aqueous solution, which indicates that the [Co(SCN)4]2– complex is formed in both cases (Fig. 
6.21, 6.22, 6.23). This result is in contrast to the extraction of iron, where [Fe(SCN)6]3– complex 
is formed when extraction occurred from an aqueous solution, while a [FeCl4]– complex is 
formed when extracted from DES. 
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Table 6.11. Fitting results of the EXAFS function of cobalt extracted from aqueous solution to 
[A336][SCN].a 
Scattering path N r (Å) σ2 (Å2) 
Co-N 4 1.962(4) 0.005(1) 
Co-C 4 3.992(12) 0.004(1) 
Co-S 4 4.606(9) 0.005(1) 
Co-C-N 8 3.128(4) 0.004(1) 
Co-S-C 8 4.776(15) 0.005(1) 
Co-S-N 8 4.909(60) 0.005(1) 
a The data were Fourier transformed between k = 4.0 and 13.0 Å without any window function 
and fitted to the model between r = 0 and 5 Å–1. 
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Fig. 6.21. EXAFS function χ(k)*k4 and model of the [Co(SCN)4]2– complex. 
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Fig. 6.22. Fourier transform and model of the [Co(SCN)4]2– complex in the ionic liquid 
[A336][SCN], as extracted from aqueous solution.  
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Fig. 6.23. EXAFS function χ(k)*k4 of the [Co(SCN)4]2– complex in the ionic liquid [A336][SCN] 
as extracted from water (black), 5 M CaCl2 (green) and DES (blue). 
Furthermore, samples of the organic and the DES phase after extraction of Fe were taken and 
analyzed by 1H NMR. Components of the DES were not detected in the less polar phase nor the 
Aliquat® 336 cation was detected in the DES. The latter results in addition with the ones 
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obtained by EXAFS, suggest that the mechanism of extraction of Fe from the DES choline 
chloride:lactic acid (1:2) corresponds to an anionic exchange (Eq. 6.20). 
 Fe!! + 4Cl! + A336 SCN → [FeCl!] A336 + SCN!               (6.20) 
 
This means that part of the thiocyanate anions are being exchanged by chloride anions from the 
DES phase and thus, the ionic liquid in the less polar phase is being degraded. This issue can be 
solved by contacting the less polar phase with [SCN]- and regenerating the ionic liquid after 
extraction (Table 6.7). 
 
6.4 Conclusions 
For the first time, a DES composed of choline chloride and lactic acid (molar ratio 1:2) was 
successfully employed for the complete dissolution of NdFeB magnets. Fe, Co and B were 
removed from this leachate using the ionic liquid [A336][SCN] as extractant diluted in toluene 
(0.9 M). Cyanex® 923 diluted in toluene (0.9 M) was a better extractant for the separation of Dy 
from Nd than D2EHPA diluted in toluene, since it allowed easier scrubbing and stripping. As 
demonstrated by EXAFS measurements, the extraction mechanism from DESs is different from 
those from aqueous solutions, thus different distribution ratios and separation ratios were 
achieved. As a result, the use of DESs allowed higher selectivity for the removal of Fe, Co and B 
from Nd and Dy and also for the separation of Dy from Nd in comparison with conventional 
liquid-liquid extraction systems. The feasibility of scaling up the proposed process was further 
confirmed by its implementation in a mixer-settler setup. It was found that the studied DES can 
be used at room temperature without any issue related to high viscosity, poor phase 
disengagement or third-phase formation. The metals were stripped by HCl and EDTA (for Fe, B 
and Co) and water (for Dy) from the less polar phase and a stoichiometric amount of oxalic acid 
for the removal of Nd from the DES. Nd2O3 and Dy2O3 were recovered with purities of 99.87% 
and 99.94%, respectively. 
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Chapter 7. Conclusions and outlook  
 
Solvent extraction processes based on ionic liquids are a safer and more environmentally friendly 
alternative for the recycling of NdFeB magnets. Their low flammability, negligible volatility and 
recyclability make them good candidates for the replacement of conventional less 
environmentally friendly organic phases in solvent extraction.  
 
This PhD dissertation mainly focused on the use of ionic liquids for the separation of rare earths, 
especially neodymium and dysprosium, the principal rare earths present in NdFeB magnets. 
[C101][NO3] and [C101][SCN] were successfully employed in the separation of two rare earths 
and both represented a safer alternative than the conventional molecular extractants. The ionic 
liquid [C101][SCN] combined with the molecular extractant Cyanex® 923 allowed the extraction 
of rare earths from chloride media without the need of employing an acidic extractant. In both 
cases, soft stripping conditions were necessary to recover the rare earths from the ionic liquid 
phase.  
 
Concretely, an iron-free leachate from end-of-life NdFeB magnets was prepared and the ionic 
liquid [C101][NO3] was used to separate neodymium(III) and dysprosium(III) from cobalt(II). 
The partition of both rare-earth metal ions towards the organic phase was assessed by increasing 
the nitrate concentration of the aqueous feed. The separation of dysprosium(III) from 
neodymium(III) was achieved using EDTA as selective stripping agent. Different parameters of 
extraction were optimized and cobalt(II), dysprosium(III) and neodymium(III) were recovered as 
their respective oxides. The ionic liquid was recovered and reused, as well as part of the EDTA 
with the aim of reducing waste streams and the impact to the environment. While working on this 
approach, that also included the handling of very concentrated feeds, the problem of the relatively 
high viscosity of the ionic liquids was solved by working at high temperatures and using water-
saturated ionic liquids. The issues with a high viscosity related to a highly-loaded ionic liquid 
phase were also approached by an alternative strategy in another process. The split-anion 
extraction approach was applied to the separation of neodymium(III) and dysprosium(III) from a 
chloride feed. The system was improved by the addition of a molecular extractant (i.e. Cyanex® 
923) to the organic phase, which resulted not only in a lower viscosity and improved phase 
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disengagements, but also in an increase in the distribution ratios of dysprosium(III) and in the 
loading capacity of the ionic liquid. After optimization and removal of dysprosium(III) with 
[C101][SCN], the recovery of neodymium(III) was achieved by contacting the chloride aqueous 
feed with [C101][NO3], which highlighted the versatility of the split-anion extraction. 
 
A novel approach consisting in the dissolution of the magnets in a deep-eutectic solvent was 
proposed. Compared to the two processes based on ionic liquids, in which the leaching step was 
carried out with mineral acids, this one demonstrated that there are alternative ways of dissolving 
the magnets using environmentally friendly and less expensive reagents. It was demonstrated that 
it is possible to carry out solvent extraction from deep eutectic solutions to diluted ionic liquids or 
using conventional extractants. The pregnant deep-eutectic solution was further processed by 
solvent extraction and the separations were much more efficient and selective than the analogous 
aqueous traditional system. The leachate was contacted with the ionic liquid [A336][SCN] diluted 
in toluene to remove iron, boron and cobalt. Then, the raffinate containing neodymium and 
dysprosium was contacted with the neutral extractant Cyanex® 923 diluted in toluene to separate 
the dysprosium from the neodymium. The system based on the deep-eutectic solvent was tested 
in a small mixer-settler setup and it was successfully scaled up without facing problems, which 
demonstrated the feasibility of the proposed separation process.  
 
Finally, in the third part of this PhD dissertation, attention was paid to the development of a 
procedure for the correct preparation of aqueous samples for TXRF analysis. The proposed 
procedure allows making more reliable analysis of metal ions in aqueous solutions with low 
matrix content. The key observation was that it is important that both analyte and internal 
standard have closer X-ray line energies, as well as that the concentration ratio of the standard 
should be close to the one of the analyte in order to assure good recovery rates.  
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Outlook 
 
There are still a lot of opportunities related to the development of environmentally friendly 
processes for the recycling of NdFeB magnets. New studies should include more rare earths such 
as gadolinium, terbium and praseodymium and not be limited to only neodymium and 
dysprosium. In the same way, more studies on the recovery of transition metals such as cobalt are 
needed since it is a valuable metal that can be present in considerable quantities in the NdFeB 
magnets. In this PhD dissertation only two neutral extractants were studied to enhance the 
properties of the ionic liquid phase, but more extractants can be included in the future in order to 
assess the possibility to enhance further the separation factors between rare earths. More research 
is needed at larger scales to prove the feasibility and robustness of the developed processes 
including the use of feeds with different concentrations of metals and real leachates. On the other 
hand, the recycling of sintered magnets has gotten more attention than the recycling of resin-
bonded magnets, therefore, new environmentally friendly hydrometallurgical processes for the 
recycling of resin-bonded-NdFeB magnets should be studied. 
 
There is still plenty of room for improvement of the extraction from deep-eutectic solvents. One 
approach that can be explored is the development of solvent extraction processes based on 
undiluted ionic liquids. Since both phases will suffer of relatively high viscosity issues, higher 
temperatures would have to be employed. However, the presence of complexing anions in the 
deep-eutectic solvent can enhance the distribution ratios on the less polar phase if the ionic liquid 
is chosen properly. Studies on the mechanism of extraction of the rare earths from these types of 
solvents to ionic liquids should be studied with EXAFS. 
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Safety aspects 
 
The experimental work performed during this PhD thesis was executed in compliance with the 
code of practice for safety in the lab (http://chem.kuleuven.be/en/hse/procedures/liab1.htm) and 
the Introduction Safety Guidelines of the Department of Chemistry 
(http://chem.kuleuven.be/veiligheid/documenten/safety-brochure.pdf). 
 
The following safety precautions were taken: 
• Risk assessments were approved before each experiment and are available: 
https://www.groupware.kuleuven.be/sites/depchemrisico/Risk%20Assessments/Forms/Pe
r%20division.aspx 
• For unsupervised experiments, additional risk assessments were prepared and approved 
by the necessary people according to the procedure: 
https://admin.kuleuven.be/sab/vgm/kuleuven/EN/riskactivities/ue/continuous-activities 
• Safety googles, labcoat and gloves were worn while performing the experiments.  
 
Safety training: 
• Introductory safety course 23/01/2014 
• Safety in the lab 07/03/2014 
• Radiation protection 22/09/2014 
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